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Proceedings  of  the  Third  All-Union  Conference  on  the 
Glassy  State,  held  in  Leningrad,  November  16-20, 
1959. 

This  notable  volume  contains  papers  presented  at 
the  conference  convened  by  the  Institute  of  Silicate 
Chemistry  of  the  Academy  of  Sciences,  USSR,  the 
D.  I.  Mendeleev  All-Union  Chemical  Society,  and  the 
S.  I.  Vavilov  (Order  of  Lenin)  State  Optical  Institute 
for  discussion  of  recent  experimental  studies  of  vari¬ 
ous  properties  of  glass,  the  principal  methods  for  in¬ 
vestigating  glass  structure,  and  the  problem  of  glass 
formation. 

A  complete  account  is  given  of  research  work  on  the 
glassy  state  since  the  previous  conference.  The  most 
modern  optical,  spectroscopic,  and  electrical  tech¬ 
niques  were  used  in  studying  the  structure  of  glass  in 
all  its  aspects,  and  the  results  are  interpreted  in  the 
light  of  contemporary  physical  theories  of  the  solid 
state. 


Proceedings  of  the  Second  All-Union  Conference  on 
the  Glassy  State. 
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available  ...”  —  Journal  of  Chemical  Education 

“The  book  should  be  of  great  interest  to  scientific  and 
technical  personnel  interested  in  glass  technology, 
ceramics,  the  states  of  matter,  and  any  work  involving 
the  vitreous  state.  They  should  all  have  the  experience 
of  reading  this  book.”  —  Chemistry  in  Canada 
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opinions  on  every  experimental  report.” 

—  The  Glass  Industry 


. .  the  volume  is  excellent ...  the  translation  was  well 

worth  while ...”  „  t  \r  . 

—  R.  tv.  Douglas,  Nature 


Volume  2:  $25.0!! 


Volumes  1  and  2:  $40.00  per  set 


Volume  1:  $20.00 


CONTENTS  include 


CONTENTS  include 


Investigation  of  Glass  Structures  by  the  Methods  of  Opti¬ 
cal  Spectroscopy.  A.  A.  Lebedev 
Diffraction  Methods  for  the  Study  of  Glassy  Substances. 
E.  A.  Porai-Koshits 

The  Cellular  Structure  of  Glass.  W.  Vogel 
Characteristic  Vibrations  of  the  Glass  Network  and  Glass 
Structure.  A.  G.  Vlasov 

General  Problems  of  the  Structure  and  Properties  of 
Glasses.  K.  S.  Evstrop’ev 

Additivity  of  the  Properties  of  Silicate  Glasses  in  Relation 
to  their  Structure.  L.  /.  Demkina 
Glassy  Systems  and  the  Problem  of  Glass  Structure. 

M.  A.  Bezborodov 

Chemical  Characteristics  of  Polymeric  Glass-Forming  Sub¬ 
stances  and  the  Nature  of  Glass  Formation. 

R.  L.  Myuller 

Characteristics  of  Glass  Formation  in  Chalcogenide 
Glasses  N.  A.  Goryunova  and  B.  f.  Kolomiets 
Glass  as  a  Polymer.  U.  V.  Tarasov 
Formation  of  a  Crystalline  Phase  from  a  Silicate  Melt. 

A.  1.  .Avgustinik 

The  Vitrification  Process  and  Structure  of  Glass. 

O.  K.  Botvinkin 

Formation  of  Glass  Structure  during  the  Melting  Process. 
L.  G.  Mel'nichenko 

The  Structure  of  Glass  in  the  Light  of  the  Crystal  Chemis¬ 
try  of  Silicates.  N.  V.  Belov 

492  pages  illustrated 


The  Crystallite  Theory  of  Glass  Structure.  K.  S.  Evstropyev 
Structure  and  Properties  of  Organic  Glasses.  P.  P.  Kobeko 
The  Structure  of  Glass.  O.  K.  Botvinkin 
The  Possibilities  and  Results  of  X-Ray  Methods  for  Inves¬ 
tigation  of  Glassy  Substances.  E.  A.  Porai-Koshits 
Structural  Peculiarities  of  Vitreous  and  Liquid  Silicates. 
O.  A .  Esin  and  P.  V.  Geld 

Raman  Spectra  and  Structure  of  Glassy  Substances.  E.  F. 
Gross  and  V.  A .  Kolesova 

The  Quantum  Theory  of  Heat  Capacity  and  the  Structure 
of  Silicate  Glasses.  V.  V.  Tarasov 
The  Infrared  Spectra  of  Simple  Glasses  and  Their  Rela¬ 
tionship  to  Glass  Structure.  V.  A.  Florinskaya  and 
R.  S.  Pechenkina 

The  Coordination  Principle  of  Ion  Distribution  in  Silicate 
Glasses.  A.  A.  Appen 

Concepts  of  the  Internal  Structure  of  Silicate  Glasses 
V^ich  Follow  from  the  Results  of  Studies  of  the  Prop¬ 
erties  of  Glasses  in  Certain  Simple  Systems.  L.  I. 
Demkina 

Measurement  of  the  Expansion  of  Glass  as  a  Method  for 
Investigating  its  Structure.  A.  I.  Stozharov 
The  Theoretical  Views  of  D.  I.  Mendeleev  on  the  Structure 
of  Silicates  and  Glasses,  and  Their  Significance  for 
Modern  Science.  L.  G.  Melnichenko 
The  Views  of  D.  I.  Mendeleev  on  the  Chemical  Nature  of 
Silicates.  V.  P.  Borzakovsky 

296  pages  illustrated 


Complete  contents  available  upon  request 


CONSULTANTS  BUREAU 

227  W.  17  ST.,  NEW  YORK  11,  N.  Y. 


ZHURNAL  STRUKTURNOI  KHIMII 
P:r)ITORIAL  BOARD; 


JOURNAL  OF 


S.  S.  Batsanov  (Secretary } 

(J.  B.  Bokii  i  Editor) 

A.  V.  Nikolaev  (Acting  f'ditor) 

B.  V'.  Ptitsyn 
O.  Ya.  Samoilov 
Yu.  T.  Struchkov 
Ya.  K.  Syrkin 

V.  V'.  Voevodskii 
M.  V.  Vol’kenshtein 


STRUCTURAL 

CHEMISTRY 

A  translation' of  ZHURNAL  STRUKTURNOI  KHIMII, 

a  publication  of  the  Academy  of  Sciences  of  the  USSR 

©  1961  CONSULTANTS  BUREAU  ENTERPRISES.  INC. 

227  West  17th  Street.  New  York  11.  N.  Y. 


Volume  1,  Number  1 


May -June,  1960 


CONTENTS  PAGE 

ENG.  I  RUSS. 

Preface .  i 

Foreword .  1  3 

An  Electronographic  Investigation  of  the  Structure  of  Molecules  of  Nitric  Acid  and  Nitric  Anhydride 

in  the  Vapor.  N.  A.  Akishtn,  L.  V.  Vilkov  and  V.  Ya.  Rosolovskii .  3  5 

Tlie  Influence  of  Ions  on  the  Structure  of  Water.  I.  G.  Mikhailov  and  Yu.  P.  Syrnikov .  10  12 

Proion  Relaxation  in  At|ueous  Solutions  of  Diamagnetic  Salts.  I.  Solutions  of  Nitrates  of  Elements 

in  the  Second  Group  of  the  Periodic  System.  V.  M.  Vdovenko  and  V.  A.  Shcherbakov .  25  28 

Vibration  FregueiKhes  of  the  Water  Molecules  in  the  First  Coordination  Layer  Around  an  Ion  in 

an  Aqueous  Solution.  O.  Ya.  Samoilov .  32  36 

A  Second  Chapter  in  the  Chemical  Crystallography  of  the  Silicates.  N.  V.  Belov .  35  39 

The  Structure  of  Epididymite  NaBeSi^O^fOIi).  A  New  Type  of  [SigOj5]  Chain.  E.  A.  Pobedimskaya 

and  N.  V.  Belov .  44  51 

L)n  Pluses  Formed  in  the  System  Chromium  -  Boron,  in  the  Boron-Rich  Region.  V.  A.  EpePbaum 

N.  G.  Sevast’yanov,  M.  A.  Gurevich  and  G.  S.  Zhdanov. .  55  64 

Crystal  Structure  of  Ternary  Pliases  in  the  Systems  Mo(W)  -Fe(Co,  Ni)  ~  Si.  E.  L  Gladyshevskii 

and  Yu.  B.  Kuz'ma .  57  66 

Complex  Compounds  with  Multiple  Bonds  in  the  Inner  Sphere.  G.  B. Bokii .  63  72 

Quantitative  Evaluations  of  Maxima  in  the  Tluree-Dimensional  Patterson  Function.  V.  V.  Ilyukhin 

and  S.  V.  Borisov. .  70  80 

Application  of  Infrared  Spectroscopy  to  the  Determination  of  Silicate  Structures.  L  Reflection 
Spectra  of  Sodium  Silicate  Crystals  in  the  7.5-15ji  Region.  V.  A.  Florinskaya  and 

R.  S.  Pechenkina .  76  86 

The  Application  of  Electron  Paramagnetic  Resonance  to  the  Study  of  Molecular  Structure  of 

Carbons.  N.  N.  Tikliomirova,  I.  V.  Nikolaeva  and  V.  V.  Voevodskii .  89  99 

New  Magnetic  Properties  of  Macromolecular  Compounds  Containing  Conjugated  Double  Bonds. 

L.  A.  Blyumenferd,  A.  A.  Berlin.  A.  A.  Slinkin  and  A.  E.  Kalmanson .  93  103 

The  Molecular  Orbital  Self-Consistent -Field  Determination  of  the  Ground  State  of  Ferrocene. 

E.  M.  Shustorovich  and  M.  E.  Dyatkina .  98  109 

BRIEF  COMMUNICATIONS 

Proton  Relaxation  in  Aqueous  Solutions  of  Diamagnetic  Salts.  IL  Alkali  Metal  Cations  and  Halide 

Atoms.  V.  M.  Vdovenko  and  V.  A.  Shcherbakov .  Ill  122 

The  Nuclear  Quadrupole  Resonance  Spectrum  of  1,2,3 -Trichlorobenzene.  E.  I.  Fedin .  114  124 

The  Coordination  of  Nickel  in  Ni(CH)2NIl3  •  nF^O  Crystals.  M.A.  Porai -Koshits .  116  125 

CHRONICLE 

Problems  of  Structural  Inorganic  Chemistry  at  the  Third  All-State  Conference  on  Inorganic 

Chemistry  in  Bratislava.  T.  S.  Khodashova .  118  127 


Annual  Subscription:  $80  Single  Issue:  $20  Single  Article:  $12.50 

Note:  The  sale  of  photostatic  copies  of  any  portion  of 
this  copyright  traiislatiori  is  expressly  prohibited  by  the  copyright  owners. 


FROM  THE  PUBLISHER 


THE  JOURNAL  OF  STRUCTURAL  CHEMISTRY.  This 
important  new  Soviet  journal  will  make  the  novel  approach 
of  Soviet  scientists  to  many  problems  of  structural  chemistry 
readily  accessible  to  all  those  working  with  the  problems  of 
the  molecular  structure  of  matter. 

As  a  result  of  the  two-year  contract  signed  with  Mezh- 
dunarodnaya  Kniga,  the  official  Soviet  book  agency,  in  1960, 
Consultants  Bureau  is  receiving  advance  page  proofs  and 
original  art  work  and  photographs  for  this  journal,  thus  en¬ 
suring  regular  publication  of  a  very  high  quality.  The  trans¬ 
lation  will  be  published  not  more  than  six  months  after  the 
original  Russian  by  the  end  of  1961.  The  translation  will  bear 
volume  and  issue  numbers  identical  with  the  Russian  original. 
All  tabular  and  illustrative  material  is  reproduced  integral 
with  the  English  text,  which  is  translated  by  bilingual  scien¬ 
tists  who  are  experts  in  these  particular  fields.  Transliter¬ 
ation  is  by  the  British- American  system. 

The  addition  of  THE  JOURNAL  OF  STRUCTURAL  CHEM¬ 
ISTRY  to  the  Consultants  Bureau  program  brings  its  total  of 
cover-to-cover  translations  of  Soviet  scientific  and  technical 
journals  to  34.  More  than  half  of  these  journals  are  produced 
for  American  learned  societies.  The  company’s  twelve  years 
of  experience  in  the  translation  and  publication  of  journals 
such  as  this  one  will  be  constantly  applied  toward  maintaining 
and  improving  the  quality  of  this  new  translation. 


FOREWORD 


Translated  from  Zhiirnal  Strukturnoi  Khimii,  Vol.  1,  No.  1,  pp.  3-4, 
May-June,  I960 


The  Twenty-first  Congress  of  the  Communist  Party  of  the  Soviet  Union  stated  in  its  decisions  that  the  most 
important  task  for  Soviet  chemical  science  comprises  all  possible  extensions  of  theoretical  investigations  which 
aid  the  development  of  new  and  improved  technological  processes  and  production  of  synthetic  materials  with 
properties  satisfying  the  demands  of  modern  technology.  In  1958  the  May  Plenary  Session  of  the  Central  Com¬ 
mittee  of  the  Communist  Party  of  the  Soviet  Union  laid  down  a  broad  program  for  accelerated  development  of 
the  entire  chemical  industry  of  the  USSR.  The  Plenary  Session  of  June  1959  adopted  a  resolution  to  raise  the 
role  of  science  in  technical  progress  and  to  accelerate  the  adoption  of  scientific  advances  in  industry.  Great  im¬ 
portance  is  attached  to  rational  geographical  distribution  of  scientific  centers;  this  is  reflected,  in  particular,  in 
the  Government  decree  for  the  creation  of  a  scientific  center  in  Siberia  in  the  form  of  the  Siberian  Division  of 
the  Academy  of  Sciences  of  the  USSR,  where  six  new  chemical  institutes  are  being  organized.  One  of  the  meas¬ 
ures  needed  for  the  fulfillment  of  the  great  tasks  confronting  chemical  science  and  industry  was  the  creation  of 
new  scientific  journals  of  the  Academy  of  Sciences  of  the  USSR,  including  the  Journal  of  .Structural  Chemistry. 

The  progress  of  modern  theoretical  and  applied  chemistry  is  closely  associated  with  advances  in  determi¬ 
nation  of  the  atomic  structure  of  matter  and  elucidation  of  the  nature  of  the  chemical  bond.  The  main  task  of 
the  new  journal  is  systematic  publication  and  discussion  of  research  results  in  the  structural  chemistry  of  organic 
and  inorganic  compounds.  The  journal  will  report  work  on  the  structure  of  gases,  liquids,  and  crystals  and  other 
solids,  performed  by  modern  physical  and  physicochemical  methods.  Theoretical  and  experimental  studies  of 
the  nature  of  the  chemical  bond  in  substances  in  various  states  of  aggregation  will  be  considered  in  the  journal. 

In  addition  to  rigorous  methods  for  solving  problems  of  chemical  bonding,  the  journal  will  publish  researches  of 
a  semiquant itative  character,  reporting  on  methods  whereby  particular  problems  in  the  theory  of  interatomic 
action  can  be  solved  rapidly  and  fairly  reliably. 

One  of  the  most  important  tasks  of  the  journal  will  be  detailed  presentation  of  methods  for  studing  the 
structure  of  matter,  with  detailed  discussions  of  new  theoretical  aspects  of  structural  chemistry  which  arise  in 
connection  with  such  methods.  For  example,  it  is  intended  to  publish  work  on  the  development  of  x-ray,  elec¬ 
tron,  and  neutron  diffraction  methods  for  studing  the  atomic  structure  of  matter.  Of  course,  other  methods  will 
also  be  covered,  including  numerous  optical  methods,  magnetochemistry,  colorimetry,  and  others  intended  for 
determination  of  the  structure  of  matter.  The  applicability  limits  of  various  methods  will  be  discussed,  and 
comparison  of  the  results  obtained  by  these  methods,  and  their  practical  applications,  will  be  considered. 

In  view  of  the  extensive  use  of  radiospectroscopic  methods  (electronic  and  nuclear  magnetic  resonance, 
etc.)  in  chemistry  during  the  last  few  years  research  workers  are  now  able  to  penetrate  into  the  hitherto  inac¬ 
cessible  field  of  weak  interaction  between  particles  of  matter,  studies  of  which  have  already  led  to  the  dis¬ 
covery  of  new  properties  of  matter  and  explanation  of  a  number  of  effects,  previously  not  understood,  in  chem¬ 
istry,  physics,  and  biology. 

Another  factor  which  will  greatly  influence  future  successful  development  of  structural  chemistry  is  the 
speed  with  which  the  existing  gap  will  be  closed  between  numerous  and  diverse  experimental  investigations  and 
the  development  of  strict  theoretical  concepts  which  not  only  explain  known  facts  but  also  stimulate  further  re¬ 
searches  in  the  most  im[X)rtant  and  urgent  directions.  The  first  prerequisite  for  this  is  that  experimental  and 
theoretical  workers  in  this  field  should  exchange  information  on  completed  and  proposed  work  as  rapidly  as 
possible,  and  should  be  well  informed  on  the  most  recent  advances  in  allied  fields.  Accordingly,  the  journal 
intends  to  publish  not  only  original  papers  of  a  theoretical  and  experimental  character,  but  also  review  articles 
on  individual  topics  in  structural  chemistry. 
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The  journal  will  also  include  brief  reports  on  new  methods  and  results  which  are  of  importance  in  principle. 
The  Journal  of  Structural  Chemistry  will  publish  articles  on  prospects  in  the  development  of  structural  chemistry 
and  on  teaching  of  its  individual  aspects,  and  also  book  reviews  and  reports  of  current  events. 

The  Editorial  Board  hopes  that  publication  of  the  journal  will  lead  to  closer  contacts  between  chemists, 
physicists,  geochemists,  and  biologists  in  a  field  of  vital  importance  to  all  these  branches  of  science,  namely 
structural  chemistry,  and  that  this  cooperation  will  in  its  turn  assist  even  more  rapid  development  of  our  science. 

Editorial  Board 
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AN  ELECTRONOGRAPHIC  INVESTIGATION  OF  THE  STRUCTURE 
OF  MOLECULES  OF  NITRIC  ACID  AND  NITRIC  ANHYDRIDE 


IN  THE  VAPOR 

P.  A.  Akishin,  L.V.  Vilkov  and  V,Ya.  Rosolovskii 

M.V.  Lomonosov  Moscow  State  University,  and  the  N.S,  Kurnakov  Institute 
of  General  and  Inorganic  Chemistry  of  the  Academy  of  Sciences  of  the  USSR 
Translated  from  Zhurnal  Strukturnoi  Khimii,  Vol.  1,  No.  1,  pp.  5-11, 

May-June,  1960 

Original  article  submitted  November  23,  1959 

An  electronographic  method,  involving  a  visual  estimation  of  the  intensity,  has  been  used 
in  an  investigation  of  the  structure  of  the  molecules  of  nitric  acid  and  nitric  anhydride.  The 
flowing  values  have  been  obtained  for  the  basic  parameters  of  the  nitric  acid  molecule,  HO* — 
NO2:  r  (N=0)  =  1.22  ±  0.01  A;  r(N-O)  =  1.40  ±  0.01  A;Z'ONO  =  135  ±  2.5“;  and  for  the  nitric  an¬ 
hydride  molecule.  O^N-O’-NOj:  r(N=0)  =  1.21  ±  0.01  A;  r(N-0)=  1.46  i0.02  A;ZoNO  =  134±  S’; 
and  the  angle  between  the  planes  of  the  NOj  groups,  tx  =  95  ±  3*.  A  difference  has  been  observed 
between  the  length  of  the  single  N“0  bonds  in  the  molecules  of  nitric  acid  and  nitric  anhydride. 
Certain  problems  concerning  the  geometrical  configuration  of  the  molecules  of  the  higher  oxides 
of  elements  in  the  1st,  Illrd,  Vth  and  Vllth  groups  of  the  Periodic  System  are  discussed. 


The  study  of  the  geometrical  structure  of  molecules  of  inorganic  compounds  (such  as  salts,  acids,  acid 
anhydrides,  and  others)  in  the  gas  or  vapor  phase  is  a  problem  of  current  importance  in  structural  chemistry,  the 
solution  of  which  is  necessary  for  the  development  of  the  general  theory  of  the  structure  of  molecules.  However, 
data  concerning  the  structure  of  the  "gaseous"  molecules  of  these  compounds  are  very  few  in  number,  as  well  as 
being  frequently  lacking  in  completeness  and  reliability.  See,  for  example,  [I]. 

The  determination  of  the  geometry  of  the  nitric  acid  molecule,  HNO3,  in  the  vapor  phase  has  been  studied 
by  means  of  electronographic  [2]  and  microwave  [3]  methods,  as  a  result  of  which  the  planar  character  of  the  ni¬ 
tric  acid  molecule  has  been  established,  and  the  basic  interatomic  distances  have  been  determined.  It  must  be 
noted,  however,  that  these  investigations  [2,  3]  are  not  free  from  certain  methodological  inadequacies.  Thus, 
no  use  was  made  in  [2]  of  the  method  of  radial  distribution,  and  the  theoretical  curves  were  not  selected  in  a 
satisfactory  way;  while  in  [3]  only  the  two  parameters  r(N-0)=  1.44AandZ^ONO  =  137*50*  were  determined,  on 
the  assumption  that  r(N=0)  =  1.203  A,  r(O-H)=0.96  A,  andzlNOH  =  90*.  It  is  clear,  therefore,  that  the  necessity 
arises  for  a  new  investigation  to  accurately  determine  the  geometrical  parameters  of  nitric  acid  in  the  vapor 
phase.  There  are  no  experimental  data  concerning  the  structure  of  nitric  anhydride  (NjOs)  in  the  vapor,  and  ex¬ 
periments  with  a  view  to  determining  these,  undertaken  in  the  old  work  [4],  were  without  success. 

EXPERIMENTAL 

Anhydrous  nitric  acid  was  obtained  by  distilling  a  mixture  of  60*70  nitric  acid  and  oleum  under  vacuum  at 
a  tempierature  of  80*  in  a  Zinov'ev  apparatus  [5],  The  preparation  of  nitric  anhydride  (containing  99.S70N2O5) 
was  performed  according  to  the  method  described  in  G.  Brayer's  Handbook  [6], 

The  investigation  was  carried  out  using  the  electronograph  described  earlier  [7].  The  interpretation  of  the 


Result*;  of  the  Interpretation  of  the  Electronograms  of  Nitric  Acid  and  Nitric  Anhydride 
in  the  Vapor  Phase. 
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Mean  value 

0,008 

1,017 

0^000 

0,995 

Mean  deviation 

4-0,007 

4:0,  (K)7 

•  Tlie  values  were  obtained  by  averaging  the  measurements  for  seven  series  of  elec¬ 
tronograms. 

elcctronogram  was  performed  on  the  basis  of  a  visual  estimate  of  the  intensity  by  two  methods  [8].  The  first 
was  the  method  of  radial  distribution,  according  to  the  equation: 

rD{r)  =i;s/ (.<?). pxp  ( — rt.9^)*sinsr  As, 


where 


.s-  =  sin  f>/2,  exp  ( —  ns-  )  =  (1,1 ,  As  =  0,2  A* 
X  max 


The  second  was  the  method  of  the  selection  of  theoretical  curves  (by  a  process  of  trial  and  error),  accord¬ 
ing  to  the  equation. 


iv  j 


nZiZjt'\[)  (—  hijS-) 


(2) 


where  n  is  the  number  of  interatomic  distances,  r-j,  of  a  single  type;  are  the  charges  on  the  nuclei  of  the 


atoms  i(j):  bu 


</r.>  * 

— — ;  /jj  is  the  effective  mean  square  amplitude  of  the  thermal  oscillations. 


Nitric  acid.  Seven  series  of  electronograms  were  obtained  for  the  vapor  of  nitric  acid  (four  recordings  in 
each  series),  for  X  =  0.0543  -  0.0  552  A,  and  a  jet-plate  distance  of  118  mm.  From  the  values  found  for^  and 
I(s)  for  the  maxima  and  minima  of  the  diffraction  diagram  (Table  1),  the  experimental  intensity  curve  was 


TABLE  2 


Parameters  of  Theoretical  Curves  for  Molecules  of  Nitric  Acid 
and  Nitric  Anhydride* 


No.  of 

curve 

(■  (N  -  ()) 

NzOg*  *  * 

No.  of 

curve 

N2O5 

»  «  • 

z.  <»N<> 

Z  NO'N 

z  ONO 

z  NO'N 

/ 

1  .•'ib 

124" 

DO" 

Ml" 

101" 

O 

12'.t‘ 

D.')" 

s 

l.V," 

10(>" 

3 

1,42 

l.Vi" 

d:." 

9 

l.V," 

DS" 

/ 

1 ,40 

D')” 

10 

i:i4" 

D2" 

5 

i,;!.s 

144" 

DS" 

11 

L'K)" 

D.l" 

/; 

i,;?(i 

144" 

io:r 

•Curve  12  for  bipyramid. 

•  *  The  value  of  r(N=0)=  1.20  A  and  -(^ONO  =  135*  did  not  vary. 

•  •  *  The  values  of  r(N  =  0)=  1.22  A  and  r(N-0)=  1.47  A  did  not 
vary,  with  the  exception  of  curve  11,  for  which  r(N-0)=1.41  A. 


Fig.  1.  Experimental  and  theoretical  intensity  Fig.  2.  Radial  distribution  curves  for  the 

curves  for  the  nitric  acid  molecule.  nitric  acid  molecule. 

constructed  (Fig.  1),  and  five  rD(r)  curves  were  computed  (Fig.  2).  In  the  calculation  of  curves  1  and  2  (Fig.  2), 
with  and  without  the  temperature  factor  respectively,  no  extrapolation  of  the  experimental  curves  for  I(s)  to  the 

point  s  =  0  was  carried  out.  The  two  peaks  in  curve  1  for  the  molecule  H  — O’  — N^^  may  be  attributed  to  the 

following  distances:  r(N  =  O)  =  1.21  A,  and  r(0.  .  .O,  O.  .  .O’)  =  2.22  A.  In  curve  2,  in  addition  to  the  peaks  at 
1.20  A  and  2.21  A,  a  weak  maximum  is  found  at  1.46  A,  close  to  the  expected  value  of  r(N-O),  the  interpreta¬ 
tion  of  which  cannot  be  given  unequivocally  on  account  of  the  presence  of  considerable  overlapping.  Thus,  we  have 
obtained  from  curves  1  and  2  the  following  values:  r(N  =  O)  =  1.20  A,  and  r(0.  .  .O,  O.  .  .O’)  =  2.21  A.  The 
values  of  the  parameters  r(N— O)  and  ONO  were  made  more  precise  by  the  selection  of  theoretical 
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curves  in  doing  this  the  parameter  r(N-O)  was  varied  by  units  of  0.02  A  within  the  range  1.36  A  -  1,46  A,  and 
the  parameter*/!  ONO  by  units  of  fT*  within  the  range  120*  to  140®  (Table  2  and  Fig.  1,  on  the  latter  of  which 
only  a  portion  of  the  curves  is  depicted).  Curve  5a  shows  the  best  agreement  with  the  experimental  one,  though 
somewhat  displaced  towards  the  ^  axis.  Curve  5b  was  calculated  for  the  same  parameters  as  curve  5a,  multiplied 
by  a  factor  of  1.017  (Table  1).  In  all  the  theoretical  curves  for  I(s)  (Fig.  1),  some  lack  of  correspondence  is  ob¬ 
served  between  the  inner  section  and  the  theoretical  curve.  The  inner  part  of  theoretical  curve  5b  (shown  in 
broken  line)  calculated  taking  into  account  the  form  factor  fO]  is  in  considerably  better  correspondence  with 
the  experimental  curve;  in  this  case  the  difference  in  the  heights  of  the  third  and  fourth  maxima  may  be  attri¬ 
buted  to  errors  in  the  visual  estimation  of  intensity.  In  order  to  elucidate  the  part  played  by  errors  in  the  esti¬ 
mation  of  intensity  in  this  region  of  the  l(s)  curve,  the  rD(r)  curves  3,  4  and  5  (Fig.  2)  have  been  calculated, 
with  the  extrapolation  of  the  experimental  l(s)  curve  to  zero  according  to  the  theoretical  curve  5b  (Fig.  1).  taking 
values  of  £  equal  to  5,  7.5  and  10  A‘^  respectively.  Curves  3  to  5  of  Fig,  2  then  show  that  inaccuracies  in  the 
estimation  of  intensity  of  dispersion  in  the  region  where  ^  is  not  greater  than  7  A'*  make  it  impossible  to  ob¬ 
tain  sufficient  resolution  of  the  peak  corresponding  to  the  distance  r(N— O). 

As  a  result  of  interpretations  of  the  curves  carried  out  by  the  two  methods,  the  following  values  have  been  ob¬ 
tained  for  the  geometrical  parameters  of  the  planar  molecule  H-O— 

r(N  =  ())-  1,22  ±0,01  A  r(N  — 0)  -  1,40  ±0,01  A 
^  ONO  --  135  ±  2,5°  /•  (0...0)  =  2,25  ±0,02  A. 

r(0...0')  =  2,19  ±0,02  A 

The  position  of  the  hydrogen  atom  has  not  been  determined.  We  may  note  that  any  deviation  of  the  NO3  group 
from  planarity  would  not  be  detected  if  it  were  less  than  5°.  The  parameters  for  the  nitric  acid  molecule  which 
we  have  obtained  are  close  to  those  published  in  [2], 

Nitric  anhydride.  Seven  series  of  electronograms  have  been  obtained  for  nitric  anhydride  in  the  vapor  phase, 
possessing  a  similar  distribution  of  intensity  to  those  given  by  nitric  acid  vapor  (though  there  was  a  considerable 
difference  in  the  shape  of  the  experimental  l(s)  curves  in  relation  to  the  fifth  and  sixth  maxima).  From  the 
values  of  ^  and  l(s)  for  the  maxima  and  minima  (with  the  exclusion  of  the  somewhat  unreliable  values  in  the 
region  where  £  is  greater  than  27  A‘*),  the  experimental  intensity  curve  has  been  constructed  (Table  1,  Fig. 3), 
and  three  rD(r)  curves  have  been  calculated  (Fig.  4).  In  curve  1  of  Fig.  4,  obtained  from  the  extrapolation  of 
the  cxp)erimental  I(s)  curve  from  s  =  0  to  s  =  3  by  means  of  the  theoretical  curve  5b  of  Fig.  1.  five  peaks  are 
observed.  These  are:  (a)  1.22  A;  (b)  nonresolved  1.45-1.46  A;  (c)  2.22  A;  (d)  2.77  A;  and  (e)  3.57  A.  In  curve 
2  of  Fig.  4,  which  was  calculated  without  taking  the  temperature  factor  into  account  and  without  extrapolating 
the  experimental  l(s)  curve  to  s  =  0,  the  first  (1.22  A)  and  second  (1.46  A)  peaks  are  well  resolved;  the  position 
of  the  remaining  peaks  is  unchanged.  Curve  3  has  been  calculated  for  the  difference  in  intensity  between  the 
experimental  l(s)  curve  and  the  theoretical  curve  for  the  nitric  anhydride  molecule,  using  only  the  parameters 
r(N  =  0)=1.22  A  and  r(0...0,  0...0’)=2.22  A.  The  arrangement  of  the  observed  peaks  in  curve  3  according  to 
the  values  of  r  (A)  is  thus:  1.42,  2.22,  2,77  and  3.60,  but  it  has  not  been  possible  to  isolate  the  peak  correspond¬ 
ing  to  r(N-O).  Thus,  from  the  rD(r)  curves  five  fundamental  distances  have  been  obtained,  and  have  been 

given  the  following  interpretation  in  connection  with  the  molecule  ^^N  — O 

1)  .-(N  =  0)  =  1,22A  4)  r(N...O,  0...0)  =  2,77  A 

2)  r(N  — 0)=1,4GA  5)  r(0...0)  =  3,57  —  3,60  A. 

3)  r(0...(),  0...0',  N...N)=  2,22  A 

We  may  note  that  a  possible  model  for  the  nitric  anhydride  molecule  mav  be  the  bipyramidal  model  with 
symmetry  03^.  The  bipyramidal  model  may  be  rejected,  however,  since:  (1)  if  it  were  correct,  the  number  of 
N-O  and  N=0  bonds  would  not  correspond  to  the  height  of  the  maxima  on  the  rD(r)  curves;  (2)  if  it  is  assumed  that 
r(N  =  0)=1.22  A  and  r(N-0)=l,47  A  when  r(0.,.0)  =  2.22  A,  it  is  in  general  impossible  to  construct  a  bipyramid; 
(3)  the  theoretical  I(s)  curve  12  (Fig.  3)  for  a  bipyramid  is  not  in  agreement  with  the  experimental  curve.  The 
"petal  shaped*  model  for  nitric  anhydride  (Fig.  5),  which  corresponds  to  the  classical  structural  formula  presented 
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above,  can  be  described  by  means  of  five  parameters:  r  (N=0),  r  (N— O),^  NO’N.ZONO,  and  the  angle  of  incli¬ 
nation  of  the  two  NO2  groups  around  the  O'— N  bond.  The  curves  for  rD(r)  (Fig.  4)  make  it  possible  to  determine 
three  of  these  parameters  unequivocally  as  r(N  =  0)  =  1.22  A;  r(N— O)  =  1.46  A.  and  the  angle  of  inclination 
between  the  two  NO2  groups,  corresponding  to  a  nonplanar  configuration  with  symmetry  C2V  (Fig.  5);  for 


the  parameters  indicated,  r(N  =  0)  and  r(N-O),  the  magnitude 
of  r(0...0,  0...0*,  N..,N)  =  2.22  A  limits  the  possible  values 
for  the  angled ONO  as  lying  between  120®  and  150".  The 
parameters O’ N  and  /_ONO  have  been  determined  by  the 
selection  of  theoretical  curves  (Table  2,  Fig.  3);  in  performing 
calculations  on  the  basis  of  equation  (2),  it  was  taken  that  bjj= 
=  0  for  r(N=0),  r  (1^0).  i(0...0')and  r(0...0);  bjj  =0.001  for 
r(N. .  .N):  bij  =  0.002  for  r(N. .  .0)and  r(0(j)  ...0(4)  );and  bjj  = 

=  0.003  for  r(t)(i)  ...O/  O.  The  best  agreement  with  the  ex¬ 
perimental  curve  was  obtained  for  curve  3  (Table  1,  Fig.  3). 
The  variability  of  ONO  and.^NO'N  was  determined  by  their 
mean  value  and  the  mean  deviation  as:  ,Z^ONO  =  134*  ±  5", 
andZ^NO'N  =95®  ±  3®.  Since  the  rD(r)  curves  reveal  an  in¬ 
crease  in  the  value  of  r(N— O)  in  nitric  anhydride  compared 
with  that  in  nitric  acid,  we  have  achieved  an  additional  check 
on  the  accuracy  of  this  parameter.  Computation  of  the  J(s) 
curves  for  r(N-0)  for  values  of  1.41  A  and  1.43  A,  for  /.GUO 
for  values  of  130®,  135“  and  140®,  and  for^NO’N  for  values  of 
92®,  95*  and  98®  has  produced  only  a  deterioration  in  the  cor¬ 
relation  between  the  relevant  curves  and  the  experimental 
curve  in  comparison  with  the  agreement  already  obtained  in 
curve  3.  (The  curves  are  not  shown  on  Fig.  3  but  the  best  of 
them  approximates  to  curve  11  on  that  figure).  As  a  result  of 
these  investigations,  the  following  values  have  been  obtained 
for  the  values  of  the  parameters  of  the  nitric  anhydride  mole¬ 
cule  (Fig.  5): 


Fig.  3.  Experimental  and  theoretical  intensity 
curves  for  the  nitric  anhydride  molecule. 

irl)(n 


c 


I  2  3  6  r,A 

Fig.  4.  Radial  distribution  curves  for  the 
nitric  anhydride  molecule. 


Fig.5.  Model  of  thenitric  anhydride  molecule. 


r  (\  --=())=  1 ,2 1  4:0,01  A  r  (\  —  ())_.  1  4-  1 ,02  A 

^()i\()=  l.V»±5°, 

angle  between  planes  of  NO2  groups,  o  =  95®  ±  3®; 

r(()...0)  =2,24A  /•  (N. ..())  =  2,70  A 

r  (()...(y)  =2,23  A  /•  (0,1).. .(>(.,))  =2,85  A 

r(N...\)  =  2,15  A  '•(0,1)... ()(;,))  =3,02  A, 


DISCUSSION  OF  RESULTS 

As  a  result  of  our  investigations,  we  have  obtained  precise 
values  for  the  geometrical  parameters  of  the  nitric  acid  mole¬ 
cule,  and  new  data  for  the  configuration  and  geometrical  para¬ 
meters  of  the  nitric  anhydride  molecule,  both  in  the  vapor  phase. 

In  distinction  from  the  plane,  triangular  ions  N03',  with 
equal  interatomic  distances,  which  exist  in  the  crystalline 
structure,  "gaseous"  molecules  of  nitric  acid  and  nitric  anhy¬ 
dride  have  markedly  different  value,  for  the  nitrogen-oxygen 
distances,  whose  disposition  (if  we  give  them  the  provisional 
designations  N-O  and  N=0)  correspond  to  the  classical  structure 
formula. 
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The  parameters  for  the  nitric  acid  and  nitric  anhydride  molecule  obtained  in  the  course  of  the  current  work  are 
in  agreement  with  the  data  in  the  literature  for  similar  molecules.  Thus,  the  length  of  the  N  =  0  bond  has  been 
found  to  have  the  values;  1.22  A  innitromethane  and  tetranitromethane  [1];  1.202  A  in  nitrosyl  chloride  [10]; 
1.180  A  in  dinitrogen  tetroxide  fll],  as  compared  with  the  values  of  1.22  A  ±  0.01  A  and 
1.21  A  i  0.01  A  in  the  molecules  of  nitric  acid  and  nitric  anhydride  respectively  found  in  this  work.  The  size 
of  the  angleZ^ONO  in  the  NO|  groups  of  the  nitric  acid  molecule  (135*)  and  the  nitric  anhydride  molecule  (134*) 
is  practically  the  same  as  those  found  for  nitromethane  (135*),  nitrosyl  chloride  (134*),  dinitrogen  tetroxide 
(134*)  and  others.  The  angle  NO’N  in  the  nitric  anhydride  molecule  (95*  ±  3*)  is  rather  less  than  the  valence 
angle  of  the  oxygen  in  the  water  molecule  (104.45*)  [1].  In  the  nitric  anhydride  molecule  of  the  configuration 
discovered  (Fig.  5).  there  can  be  no  appreciable  steric  hindrance,  since  the  distances  between  the  oxygen  atoms 
not  united  by  valence  bond,  y..0^4j  and  •••0(s)  equal  to  2.85  A.  which  is  rather  larger  than  twice 
the  intermolecular  oxygen  radius  (  •'*  2.80  A). 

It  should  be  noted  that,  although  the  molecules  of  nitric  acid  and  nitric  anhydride  have  practically  identical 
values  of  the  parameters  r(N=0)  and  Z^ONO,  there  Is  a  considerable  difference  between  the  lengths  of  the  N-O 
bonds  in  these  molecules  (1.40  and  1.46  A  respectively). 

In  earlier  work  on  the  structure  of  the  molecules  of  perchloric  acid  and  its  anhydride  [12]  a  considerable 
difference  was  observed  between  the  lengths  of  the  single  bonded  Cl-O  In  the  molecule  of  the  acid  HCIO4  (1.64 
A)  and  in  that  of  CljOy  (1.73A).  The  increased  length  of  the  N-O  and  Cl-O  bonds  in  the  anhydride  molecules 
may  be  explained  by  the  relatively  large  (compared  with  the  molecules  of  the  acids  HNQ|  and  HCIO4)  reduction 
of  the  electronic  density  in  the  single  bonds  under  the  influence  of  the  strongly  electronegative  pair  of  NO^  or 
ClOj  groups  respectively. 

In  the  light  of  this  comparison,  it  may  be  a  matter  of  great  interest  to  compare  the  lengths  of  the  N— O  and 
Cl-O  bonds  in  "gaseous"  molecules  for  the  acids  and  their  salts;  it  is  to  be  regretted,  however,  that  no  data  are 
to  be  found  in  the  literature  on  the  geometrical  parameters  of  nitrate  or  perchlorate  salts  In  the  gas  phase. 

A  comparison  of  the  results  of  electronographic  investigations  of  the  geometry  of  "gaseous"  molecules  of 
the  higher  oxides  of  the  elements  of  the  first,  third,  fifth  and  seventh  groups  of  the  periodic  system-LijO  [13], 
820^  [14],  N2O5  and  Cl2C)7  [12]  -  permits  of  the  drawing  of  general  conclusions  concerning  the  regularities  of 
their  structures.  The  molecules  of  these  oxides  are  constructed  according  to  a  single  type  -  that  is,  from  atoms 
(or  groups  of  atoms)  combined  to  a  central  oxygen  atom,  the  valence  angle  of  which  determines  the  angular 
configuration  of  their  molecules.  A  very  high  degree  of  symmetry  (such  as  would  be  found,  for  example,  in  the 
bipyramidal  type  and  others)  is  not  found  in  the  "gaseous"  molecules  of  these  oxides,  apparently  because  of 
steric  hindrance,  which  makes  the  bi -tetrahedral  structure  unstable.  It  may  be  mentioned  in  this  connection  . 
that  in  such  dimeric  oxide  molecules  as  P4OJ  and  P4O|0  and  others,  four-  and  six-membered  bicyclic  systems 
are  also  not  formed. 

According  to  an  approximate  quantum -mechanical  picture,  structures  containing  quinquevalent  nitrogen 
are  somewhat  improbable,  on  account  of  the  large  energy  of  the  transfer  2s*2p*-*2s2p*3s,  and  the  more  probable 
structures  possess  quadrivalent  orientation  of  the  nitrogen;  this  treatment  assumes  the  equalization  of  the  double 
and  donor- acceptor  bonds,  with  the  formation  of  two  equivalent  N-=^Obonds,  while  one  single  N  —  O  bond  is 
preserved: 

0 

_  O  N  —  O  —  N 


On  this  basis,  it  should  be  noted  that  any  attempt  (such,  for  example,  as  that  made  in  [15])  to  present  the 
length  of  theN^r^O  bonds  in  the  nitrogroups  as  a  mean  of  the  values  of  r(N  =  0)  and  r(N-O)  is  quite  arbitrary, 
since  there  is  no  standard  length  for  the  N=0  bond,  which  may  vary  from  1.14  A  in  molecules  of  the  type 
0  =  N  — Xfwhere  X  is  a  halogen  atom)  [1],  to  1.22  A  in  CH3r-O-N=0  [1],  and  similarly  there  is  no  standard 
length  for  the  doncr-acceptor  bond  N  -♦O,  which  may  vary  from  1.188  A  in  the  molecule  N  =N-*0  [1]  to  1.36  A 
in  the  molecule(CH8)sN -►O  [1]. 
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SUMMARY 


1.  An  electronographic  investigation  has  been  carried  out  on  the  structures  of  molecules  of  nitric  acid  and 
its  anhydride  in  the  vapor  state.  The  planar  configuration  of  nitric  acid  has  been  confirmed,  and  its  geometrical 
parameters  have  been  determined  more  precisely.  Here  for  the  first  time  values  have  been  given  for  the  geo¬ 
metrical  parameters  and  configuration  of  molecules  of  nitric  anhydride. 

2.  Certain  peculiarities  in  the  structures  of  the  molecules  investigated  have  been  discussed. 
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A  modeF  has  been  suggested  for  describing  the  influence  of  ions  on  the  structure  of  the  "free" 
water  in  a  solution.  According  to  this  model,  the  electrostatic  field  of  the  ions  displaces 
the  thermodynamic  equilibrium  between  the  structures  coexisting  in  the  water  towards  a 
more  close-packed  structure.  The  proposed  model  has  been  used  to  calculate  the  relationship 
between  tlic  temperature  of  the  maximum  density  of  a  solution  and  its  concentration. 

INTRODUCTION 

Tlie  question  of  the  influence  of  a  dissolved  substance  on  a  solvent  is  one  of  the  most  important  problems 
in  tlie  tlieory  of  solutions.  The  interaction  between  a  solvent  and  the  dissolved  substance  is  usually  taken  into 
account  by  introducing  the  concept  of  solvation,  or,  in  the  case  of  aqueous  electrolyte  solutions,  of  ion  hydration. 
It  should  be  noted  that  there  is  no  accepted  single  definition  of  the  term  solvation.  Some  authors  understand  by 
this  term  the  total  sum  of  the  changes  produced  by  the  introduction  of  the  ions  of  an  electrolyte  into  a  solution 
[1 )  (with  tlie  exception  of  the  interaction  between  the  ions  themselves).  Other  authors  regard  solvation  merely 
as  the  interaction  between  an  ion  and  the  solvent  molecules  nearest  to  it. 

According  to  Bockris  [2],  the  concept  of  hydration  includes  the  total  sum  of  the  changes  produced  by  the 
introduction  of  the  ions  into  the  solution,  but  can  be  divided  into  two  parts" primary  and  secondary  hydration. 

Samoilov  [3]  suggests  that  th.ese  two  parts  be  referred  to  as  "short-range  hydration"  and  "long-range  hy¬ 
dration".  We  shall  subsequently  use  the  term  "hydration"  to  mean  only  short-range  hydration.  In  the  study  of 
the  hydration  of  ions  in  solution,  this  phenomenon  is  normally  understood  to  mean  that  a  definite  number  of 
water  molecules  are  firmly  iit-ld  by  the  ions.  There  are  a  number  of  methods  for  determining  hydration  numbers, 
and  the  hydration  numbers  of  ions,  determined  by  different  methods,  may  differ  considerably  [4]. 

Analysis  of  modern  data  on  hydration  [3]  shows  that  these  differences  are  due  primarily  to  the  fact  that  the 
true  interaction  between  the  ions  and  the  water  molecules,  and  the  influence  of  this  interaction  on  the  properties 
of  the  water  in  the  solution,  are  replaced  by  the  idea  that  a  given  effective  number  of  water  molecules  are  firmly 
held  by  the  ion.  It  is  quite  natural  that  in  order  to  explain  different  properties,  it  is  necessary  to  ascribe  different 
hydration  numbers  to  the  same  ion.  Samoilov  [3]  has  shown  that,  in  the  light  of  modern  data,  particularly  data 
on  spontaneous  diffusion  in  ionic  solutions  [3],  the  idea  that  molecules  are  firmly  held  by  ions  is  unsatisfactory 
and  should  be  reexamined.  He  suggested  that  short-range  hydration  should  be  regarded  as  the  action  of  ions  on 
the  thermal,  and  particularly  on  the  translational,  movement  of  the  nearest  water  molecules  in  the  solution. 

The  actual  numbers  of  water  molecules  closest  to  the  ion"the  coordination  numbers  of  the  ions  in  solution"are 
taken  as  the  so-called  hydration  numbers.  The  values  for  these  numbers  for  a  series  of  monatomic  ions,  esti¬ 
mated  from  data  on  the  heats  of  dissolution  of  salts  in  solutions  of  the  acids,  are  found  to  be  close  to  4,  i.e., 
close  to  the  coordination  numbers  for  water  molecules  themselves  in  the  solution.  Thus,  the  ions,  as  it  were, re¬ 
place  the  water  molecules.  The  ions  distort  the  structure  of  the  water,  and  this  is  to  a  considerable  extent  due 
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to  the  difference  between  the  interaction  of  ions  and  water  molecules  on  the  one  hand  and  the  interaction  of 
the  water  molecules  themselves  on  the  other.  This  difference  is  most  marked  for  the  cation.  The  water  mole¬ 
cules  turn  their  electronegative  oxygen  atoms  towards  the  cation  and  the  bond  which  is  produced  is  essentially 
different  in  character  from  the  hydrogen  bond,  which  joins  the  water  molecules  to  one  another. 

The  water  molecule  turns  its  proton  towards  the  anion  and  the  nature  of  the  interaction  between  the  anion 
and  the  water  molecules  is  similar  to  that  of  tlie  hydrogen  bond  [6.  i.e.,  the  bond  between  the  anion  and  the 

water  molecules  is  similar  in  character  to  that  between  the  water  molecules  themselves. 

The  total  effect  of  the  distortion  of  the  water  structure  in  the  closest  coordination  sphere  can  be  divided 
into  three  components.  According  to  Samoilov  [3],  the  distortion  of  water  by  ions  when  a  solution  is  formed  is 
related  firstly  to  the  appearance,  in  the  water,  of  particles  whose  radius  differs  from  that  of  the  water  molecules; 
secondly,  to  a  possible  difference  between  the  coordination  numbers  of  the  ion  and  the  water  molecule;  and 
thirdly,  to  reorientation  of  the  water  molecules  closest  to  the  ion.  "Short-range  hydration",  in  fact,  is  merely 
the  more  or  less  powerful  interaction  between  the  ion  and  the  nearest  water  molecules;  in  dilute  solutions  the 
number  of  such  molecules  is  determined  by  the  structure  of  the  water.  This  interaction  affects  primarily  the 
translational  movement  of  the  water  molecules  nearest  to  the  ion. 

As  far  as  the  influence  of  ions  on  the  structure  of  the  water  in  the  first  coordination  sphere  of  the  ion  is 
concerned,  there  is  a  very  great  amount  of  evidence  which  indicates  that  the  structural  changes  in  the  water  go 
far  beyond  simple  polarization  under  the  action  of  the  electrostatic  field  of  the  ions.  Thus,  Bernal  and  Fowler, 
in  their  classical  work  [8]  devoted  to  the  structure  of  water  in  ionic  solutions,  analyzed  the  experimental  data 
and  concluded  that  a  number  of  ions  bring  about  a  change  in  the  structure  of  water  in  the  direction:  structures 
1 ->11 ->lll,  i.e.,  a  repacking  of  the  water  molecules  in  the  direction;  ice-like  (l)-*quartz-like  (11) -*-close- packed 
(III)  structures.  Bernal  and  Fowler  introduced  the  concept  of  "structural  temperature",  defined  as  the  temperature 
at  which  pure  water  has  the  same  internal  structure  and  the  same  viscosity  as  the  water  in  the  solution  under  study. 
They  considered  thatsome  ions  increase  the  structural  temperature,  while  other  ions  decrease  it.  Bernal  and 
Fowler  did  not.  however,  ascribe  any  exact  physical  significance  to  the  concept  of  "change  in  structural  tempera¬ 
ture"  and  indicated  that  the  problem  of  the  influence  of  ions  on  the  structure  of  water  required  detailed  theo¬ 
retical  development. 

In  their  work  on  the  study  of  the  temperature  coefficient  of  the  heats  of  dissolution  of  electrolytes.  Kaga¬ 
novich  and  Mishchenko  [9]  concluded  that  the  change  in  the  heat  of  dissolution  with  change  in  temperature  de¬ 
pends  to  a  great  extent  on  the  fraction  of  the  energetic  effect  associated  with  the  change  in  the  structure  of  the 
solvent  under  the  influence  of  the  ions.  In  their  work  it  was  noted  that  a  dissolved  electrolyte  changes  the  struc¬ 
ture  of  the  water  in  the  direction  of  the  changes  I-*!!-*!!!  (in  the  sense  of  the  Bernal“Fowler  model). 

Frank  and  Evans  flOj.  who  studied  the  entropy  of  aqueous  electrolyte  solutions,  and  Stewart  [11.  12],  also 
concluded  that  the  change  in  the  structure  of  water  extends  far  beyond  the  limits  of  the  first  coordination  sphere. 
The  study  of  the  action  of  ions  on  the  properties  of  colloids  [13]  also  shows  that  the  effect  of  the  ions  changes 
the  quasi-crystalline  structure  of  the  water. 

Analogous  conclusions  were  reached  in  the  study  of  the  optical  properties  of  solutions  [14.  15].  X-ray  data 
[16]  confirm  the  change  in  the  structure  of  water  in  the  direction  1 -►I I -►III  (in  the  sense  of  the  Bernal  — Fowler 
model),  and  this  change  in  the  structure  cannot  be  explained  merely  by  the  reptacking  of  the  water  molecules  in 
direct  proximity  to  the  ion.  The  process  is  much  more  extensive  and  in  fact  extends  throughout  the  whole  volume 
of  the  solvent. 

In  addition,  there  are  effects  such  as.  for  example,  the  change  in  the  temperature  of  the  maximum  density 
of  a  solution  with  change  in  its  concentration,  which  can  be  explained  only  if  account  is  taken  of  the  influence 
of  ions  on  the  structure  of  all  the  water  in  the  solution. 

In  the  present  work,  particular  attention  is  paid  to  the  question  of  the  influence  of  ions  on  the  structure  of 
the  water  beyond  the  first  coordination  sphere,  i.e.,  the  problems  of  "long-range  hydration"  are  considered.  The 
examination  is  based  on  the  two-structure  model  of  water. 
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1.  The  Two- Struct  lire  Model  of  Water  and  Its  Physical  Basis 

The  anomalous  properties  of  water  are  often  attributed  to  association  of  the  water  molecules  to  form  com¬ 
plexes,  and  the  concept  of  the  dej»ree  of  association  is  introduced.  This  concept  is  also  applicable  to  a  number 
of  other  liquids,  however,  although  these  liquids  do  not  show  the  anomalies  characteristic  of  water.  It  is  evident 
that  association  alone  cannot  explain  the  properties  of  water,  and  here  we  shall  deal  with  the  deeper  structural 
differences  between  water  aud  other  liquids. 

The  structure  of  ice  and  the  structure  of  water  are  produced  by  the  formation  of  hydrogen  bonds  between 
the  molecules  [17.  18].  X-ray  diffraction  data  show  that  the  oxygen  nuclei  are  arranged  in  the  structure  of  ice 
in  the  same  way  as  the  atoms  of  silicon  in  the  tridymite  structure  [IB],  Each  1120  molecule  Ls  surrounded  by 
four  nearest  molecules.  There  arc  a  number  of  theories  regarding  the  structure  of  water,  and  these  have  been 
reviewed  in  [3].  All  the  modern  theories  on  the  structure  of  water  can  be  divided  into  two  groups.  One  group 
of  theories  [20]  regards  water  as  a  mixtures  of  polymers  of  the  type  (1120)^.  The  other  group  consists  of  theories 
which  regard  water  as  a  mixture  of  certain  three-dimensional  structures.  The  theories  of  the  latter  group  provide 
a  much  better  explanation  of  the  properties  of  water  and  are  to  be  preferred.  The  classical  theory  of  this  group 
is  that  of  Bernal  and  Fowler  [8],  which  is  based  on  x-ray  diffraction  data  and  the  spectroscopic  model  of  the 
water  molecule.  All  subsequent  theories  of  this  kind  are  based  on  the  theory  of  Bernal  and  Fowler,  and  merely 
introduce  certain  corrections.  They  regard  water  as  a  structure  with  four-fold  coordination  and  suggest  that  there 
exist  three  forms  of  arrangement  of  the  water  molecules  at  different  temperatures,  namely:  1)  the  ice  — tridymite 
type  (with  four-fold  coordination),  which  predominates  at  low  temperatures;  2)  the  quartz  type  (with  four-fold 
coordination)  which  predominates  between  approximately  4°  and  200°;  and  3)  the  ammonia  type— a  close-packed 
structure  which  predominates  between  200°  and  300°. 

'Fhese  forms  are  not  rigorously  separated  and  are  converted  continuously  into  one  another. 

Bernal  and  Fowler  based  their  theory  on  x-ray  diffraction  data,  which  give  merely  the  relative  arrange¬ 
ment  of  the  oxygen  atoms.  These  authors  therefore  assumed  that  there  are  two  protons  next  to  each  oxygen 
atom,  i.e.,  that  it  is  possible  to  speak  of  separate  II2O  molecules  in  liquid  water.  Recent  studies  on  neutron  dif¬ 
fraction  of  heavy  ice  [21]  sliow,  however,  that  one  cannot  speak  of  a  separate  molecule  in  ice,  since  the  proton 
does  not  belong  to  any  definite  oxygen  atom,  but  spends  equal  amounts  of  time  next  to  the  two  nearest  oxygen 
atoms.  Since  the  energies  of  the  intermolecular  interactions  in  ice  and  in  liquid  water  are  similar,  it  may  be 
assumed  that  the  arrangement  of  the  protons  is  the  same  in  liquid  water.  Thus,  water  must  be  regarded  as  a 
particular  type  of  "associated"  liquid  [22],  in  which  tlie  association  penetrates  through  the  whole  volume  of  the 
liquid,  forming  a  three-dimensional  network,  and  that  several  configurations  of  this  network  can  co-exist  simul¬ 
taneously.  Each  of  the  co-existing  configurations  corresponds  to  a  characteristic  free  energy,  dielectric  pro¬ 
perties,  molecular  volume,  etc.  Change  in  temperature  leads  to  a  change  in  the  relative  number  of  molecules 
associated  in  each  configuration,  and  this  explains  the  anomalous  properties  of  water.  There  are  a  number  of 
works  which  show  that  this  picture  provides  a  reasonable  explanation  for  the  anomalous  properties  of  water. 

There  is  no  single  theory  regarding  the  type  and  number  of  coexisting  configiu-ations.  A  number  of  authors,  fol¬ 
lowing  Bernal  and  Fowler,  consider  that  water  shows  three  types  of  configuration— ice-like,  quartz-like,  and 
ammonia-like;  others  consider  that  at  moderate  temperatures  it  is  sufficient  to  take  account  of  only  two  con¬ 
figurations.  Two-  structure  tnodels  of  this  type  were  developed  by  Hall  [23]  and  by  Grjotheim  and  Krogh-Moe 
[24].  These  authors  suggest  that  rupture  of  the  hydrogen  bond  must  take  place  when  the  molecule  changes  from 
one  structure  to  another. 

Pople  [18]  proposed  another  model,  according  to  which  the  hydrogen  bonds  become  "flexible"  when  ice 
melts.  The  rearrangement  of  the  structure  of  water  with  change  in  temperature  takes  place  as  a  result  of  "bend¬ 
ing"  of  the  hydrogen  bonds*  .  Pople  regards  the  bending  of  hydrogen  bonds  as  the  production  of  a  finite  angle 
between  the  line  joining  the  centers  of  neighboring  molecules  and  the  O— H  direction  of  one  of  these  molecules. 
Pople  denies  the  existence  of  broken  hydrogen  bonds  in  water,  and  this,  generally  speaking,  is  in  agreement  with 

*  It  is  of  interest  to  note  that  Descartes  attributed  the  anomalies  of  water  to  the  flexibility  of  its  "particles",  and 
assumed  that  when  water  is  frozen  its  "particles"  lose  their  flexibility,  so  that  ice  has  a  "looser  packing",  and 
occupies  a  greater  volume,  than  the  water  from  which  it  is  produced  [see  Rene  Descartes,  Discourse  on  Method 
and  Its  Applications,  Dioptrics,  Meteors,  and  Geometry  [Russian  translation]  (Izd,  AN  S.SSR,  10.'>3)  p.  193]. 
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sjjectroscopic  data,  which  do  not  indicate  the  presence,  in  water,  of  any  O— H  groups  which  are  not  present  in 
hydrogen  bonds.  Certain  other  data,  however,  particularly  data  on  spontaneous  diffusion  [3].  require  for  their 
explanation  the  presence  in  water  of  at  least  a  small  number  of  broken  hydrogen  bonds. 

The  first  and  most  precisely  formulated  two-structure  model  of  water  is  that  of  Hall.  Hall  used  his  model 
to  calculate  the  absorption  coefficient  of  ultrasonic  waves  in  water.  According  to  Hall,  two  structures  exist  to¬ 
gether  in  water-one  of  these  is  ice-like,  with  tetrahedral  coordination,  and  the  other  is  close  packed.  The  first 
state  is  characterized  by  a  large  molar  volume  Vj  and  small  thermodynamic  p>otential  4>j;  the  second  state  is 
characterized  by  a  small  molar  volume  and  high  thermodynamic  potential  ‘i>2.  Conversion  from  one  structure 
to  another  involves  the  surmounting  of  a  certain  potential  barrier,  and  is  accompanied  by  the  rupture  of  hydro¬ 
gen  bonds.  The  number  of  molecules  in  the  first  and  second  structure  is  determined  by  the  Boltzmann  distribution 
law 
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where  A4>  =  tkj — 4'j,  <l>i  is  the  thermodynamic  potential  of  the  first  structure  (calculated  for  1  mole),  and  4>2  is 
the  same  for  the  second  structure. 

Hall  found  numerical  values  for  A4>  and  the  difference  between  the  molar  volumes  of  the  two  structures 

AV  =  Vi— V2. 

The  value  of  AV  is  calculated  as  follows:  Vj  is  taken  as  approximately  equal  to  the  molar  volume  of  ice, 
and  V2  is  taken  as  the  molar  volume  calculated  on  the  assumption  that  the  H2O  molecules  are  close-packed  in 
the  second  state.  The  calculations  give  for  AV  the  value  ~  8  cm^  in  order  to  obtain  values  for  the  sound  ab¬ 
sorption  coefficient  agreeing  with  the  experimental  data,  it  is  necessary  to  assume  for  A4>  the  value  500  cal/ 
/mole. 

The  model  proposed  by  Hall  differs  considerably  from  the  model  of  Bernal  and  Fowler,  According  to  these 
authors,  the  quartz-like  structure  predominates  at  moderate  temperatures,  and  the  close-packed  structure  is 
cliaracteristic  only  of  high  temperatures.  The  theory  of  the  quartz-like  structure  was  introduced  by  Bernal  and 
Fowler  to  explain  the  decrease  in  volume  on  melting.  They  point  out  that  a  natural  assumption  following  from 
analysis  of  the  x-ray  data  is  that  the  structure  of  water  is  an  irregular  version  of  the  structure  of  ice.  This  sug¬ 
gestion  was  rejected  by  Bernal  and  Fowler,  however,  since  they  considered  that  there  must  necessarily  be  an  in¬ 
crease  in  volume  on  going  from  an  ordered  structure  to  a  less  ordered  structure.  Such  an  increase  does  not  al¬ 
ways  take  place,  however,  and  when  the  density  of  the  arrangement  of  atoms  in  a  solid  is  sufficiently  low,  i.e., 
when  the  structure  is  sufficiently  open,  the  density  may  increase  when  the  disorder  increases  [3].  On  the  other 
hand,  the  existence  of  a  quartz-like  structure  in  water  is  not  confirmed  by  examination  of  modem  x-ray  dif¬ 
fraction  data  [3,  18]. 

The  most  complete  analysis  of  the  data  relating  to  the  structure  of  water  has  been  given  by  Samoilov  [3], 
who  reached  the  conclusion  that  the  structure  of  water  is  a  slightly  distorted  version  of  the  structure  of  ice,  re¬ 
taining,  in  general,  four-fold  coordination,  with  a  certain  number  of  water  molecules  situated  between  the  lattice 
sites  of  this  structure.  Let  us  examine  this  idea  of  Samoilov's  [3]  in  more  detail.  The  structure  of  ice  is  ex¬ 
tremely  open:  it  has  many  open  spaces,  whose  dimensions  are  even  greater  than  the  dimensions  of  the  molecules. 
Every  open  space  of  this  type  is  bounded  by  six  water  molecules  at  a  distance  of  2.94  A  from  its  center.  Around 
each-water  molecule  in  the  ice  structure  there  are  six  open  space  centers  at  a  distance  of  3.47  A,  The  water 
molecules  which  have  moved  from  their  equilibrium  positions  (as  a  result  of  the  translational  movement  which 
becomes  possible  on  fusion)  cannot  help  entering  the  neighboring  open  spaces  in  the  structure.  Certain  relative 
potential  energy  minima  correspond  to  these  open  spaces.  At  a  given  moment,  a  definite  quantity  of  molecules 
are  situated  in  the  open  spaces  of  the  structure. 

Thus,  the  idea,  introduced  by  Samoilov,  that  the  open  spaces  of  the  structure  are  filled  by  molecules 
undergoing  translational  movement  in  fact  forms  the  physical  foundation  for  the  second  close- packed  structure 
postulated  by  Hall. 

The  ideas  which  have  been  developed  enable  us  to  understand  the  reason  for  the  difference  between  water 
and  all  other  liquids.  When  ordinary  liquids  undergo  fusion,  the  order  which  previously  existed  is  broken  down 
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and  a  certain  quantity  of  holes  appear  in  the  structure;  this  explains,  for  example  the  increase  in  the  volume  on 
fusion,  the  fluidity  of  the  liquid,  etc.  When  water  undergoes  fusion,  the  long-range  order  also  breaks  down, 
chiefly  as  a  result  of  the  flexibility  produced  in  the  hydrogen  bonds  [18],  but  the  formation  of  holes  (in  the  sense 
in  which  this  term  is  used  in  the  theory  of  liquids)  evidently  plays  almost  no  part  in  the  process.  In  fact,  the 
rupture  of  several  hydrogen  bonds  is  necessary  in  order  to  form  a  hole.  The  energy  of  one  hydrogen  bond  in 
water  is  approximately  5  kcal/mole,  so  that  the  energy  of  hole -formation  is  excessively  high.  Estimation  of 
the  relative  number  of  such  holes,  even  if  it  is  assumed  that  only  two  hydrogen  bonds  are  broken  during  the  for¬ 
mat  ion  of  a  hole,  gives  a  value  of  approximately  10'^ — 10  ^ ,  The  hole  which  is  produced  as  a  result  of  the  removal  of  a 
water  molecule  is  immediately  "healed"  and  the  molecule  which  has  moved  enters  the  space  between  the  lat¬ 
tice  sites,  where  it  may  spend  some  time,  so  that,  as  pointed  out  earlier  [3],  the  presence  of  an  "extra"  mole¬ 
cule  in  the  center  of  an  open  space  in  the  structure  corresponds  to  a  comparatively  small  breakdown  of  the 
neighboring  regions  of  the  structure.  It  may  be  stated  that  in  water  there  exists  something  similar  to  a  "Frenkel* 
defect"  in  the  crystal  [2,‘S].  but  without  a  vacant  site.  The  change  in  volume  when  ice  melts,  and  also  the  spon¬ 
taneous  diffusion,  can  be  attributed  to  these  "extra"  molecules  in  the  open  spaces  in  the  structure.  When  a 
water  molecule  enters  the  space  between  the  lattice  sites,  a  certain  number  (which  is  evidently  small)  of  hydro¬ 
gen  bonds  must  be  "broken".  If  we  accept  Pople's  suggestion  [18]  that  the  bonds  merely  bend,  and  that  there 
are  no  "broken"  hydrogen  bonds  in  water,  we  find  that  a  number  of  the  properties  of  water,  related  primarily  to 
translational  movement  (spontaneous  diffusion,  for  example),  become  understandable.  According  to  Samoilov 
[3],  the  water  molecules  which  enter  the  opten  spaces  are  energetically  not  equivalent  to  the  molecules  in  the 
lattice  sites,  and  are  to  a  certain  extent  free  from  bonds  with  neighboring  molecules  (the  bond  orientation  for 
molecules  in  the  spaces  between  the  lattice  sites  is  evidently  shown  to  a  much  smaller  extent).  At  the  same 
time  the  clearly-defined  directional  character  of  the  bonds  formed  by  the  water  molecules  occupying  the  lattice 
sites  hinders  the  thermal,  and  particularly  the  rotational,  movement  of  these  molecules.  As  Samoilov  has  pointed 
out  [3),  the  sharp  increase  in  the  heat  capacity  when  ice  melts  is  pxjssibly  related  to  the  transfer  of  molecules 
to  the  spaces  between  the  lattice  sites,  where  they  acquire  a  greater  rotational  freedom  that  in  the  lattice  sites. 
Thus  in  water  there  exist  regions  with  four-fold  coordination  and  regions  with  coordination  greater  than  4,  i.e., 
regions  of  closer  packing,  in  accordance  with  Hall’s  model. 

Hall  considered  that  the  state  with  the  closer  packing  exhibits  a  higher  thermodynamic  piotential  than  the 
ice-like  structure.  In  [26]  it  was  suggested  that  the  ice-like  structure  px)ssibly  had  the  greater  thermodynamic 
potential.  The  authors  of  [26]  reached  this  conclusion  from  a  study  of  the  relationship  between  the  absorption 
of  ultrasonic  waves  in  water  and  the  pressure  and  from  a  comparison  of  the  relationship  given  by  the  Hall  theory 
with  that  obtained  experimentally.  They  assumed  that  the  change  in  absorption  was  due  only  to  the  change  in 
A<1>  with  change  in  pressure. 

As  shown  in  [27],  however,  the  change  in  the  bulk  viscosity  with  change  in  pressure  is  due  primarily  to  the 
change  in  the  energy  of  activation  of  the  transfer  of  a  molecule  from  one  structure  to  another  with  change  in 
pressure,  and  this  pxissibility  was  not  considered  in  [26].  Thus  the  assumption  that  the  ice-like  structure  has  the 
higher  free  energy,  made  by  the  authors  of  [26],  cannot  be  regarded  as  justified.  The  authors  of  this  work  them¬ 
selves  point  out  that  the  assumption  contradicts  all  modern  theories  regarding  the  structure  of  water. 

In  all  subsequent  calculations,  the  thermodynamic  potential  of  the  second,  more  close-packed  structure 
will  be  assumed  to  be  greater  than  the  thermodynamic  pxjtential  of  the  ice-like  structure. 

2.  The  Influence  of  Ions  on  the  Structure  of  the  ’’Free**  Water 

It  was  pointed  out  in  Section  1  that  the  influence  of  ions  on  the  structure  of  water  is  not  limited  to  short- 
range  hydration,  but  extends  throughout  the  whole  bulk  of  the  water.  In  this  section  we  shall  examine  a  model 
describing  the  influence  of  ions  on  the  structure  of  the  water  which  is  not  present  in  the  hydration  sheath  of  the 
ions,  or,  in  other  words,  the  influence  of  ions  on  the  structure  of  the  "free"  water. 

In  a  solution,  the  total  bulk  of  the  water  lies  in  the  strong  electrostatic  field  of  the  ions.  The  thermo¬ 
dynamic  potential  of  the  water  is  altered,  and  the  changes  are  different  in  the  different  structures,  since  it  is  to 
be  expected  that  the  dielectric  characteristics  of  the  different  structures  are  not  the  same.  This  leads  to  a  dis¬ 
placement  of  the  equilibrium  between  the  two  structures  existing  together  in  the  water. 

The  first  attempt  to  examine  quantitatively  the  influence  of  the  displacement  of  the  equilibrium  between 
the  two  struaures  on  the  dielectric  constant  of  the  solution  was  made  by  Samoilovich  and  Goryunov  [28].  This 


14 


work  was  based,  however,  on  theories,  now  discarded,  which  regarded  the  structure  of  water  as  a  mixture  of  mono- 
hydrol,  dihydrol  and  trihydrol.  At  the  same  time  their  calculations  were  applicable  only  to  solutions  at  infinite 
dilut  ion. 

A  rigorous  solution  of  the  problem  of  the  influence  of  ions  on  the  structure  of  water,  applicable  over  a 
wide  concentration  range,  is  hardly  possible  at  the  present  time.  Even  approximate  calculations  of  this  kind  are 
extremely  difficult.  We  have  .therefore  ,to  construct  a  model  which  is  sufficiently  simple  to  permit  some  sort  of 
quantitative  calculation,  but  which  nevertheless  reflects  the  most  characteristic  features  of  the  phenomenon. 

We  shall  assume,  like  Hall,  that  the  Boltzmann  distribution  law  is  applicable  to  the  "mixture"  of  the  two 
structures,  i.e.,  that  the  ratio  between  the  numbers  of  molecules  associated  in  the  first  and  second  structures  is 
given  by  formula  (1). 

Let  us  find  the  numbers  of  molecules  nj  and  n2  in  each  of  the  structures  in  1  mole  of  water,  assuming  that 
the  total  number  of  molecules  nj  +  07  =  N  is  equal  to  Avogadro's  numben 

r?2  =  ; 

From  this  we  have 

A  number  of  changes  take  place  when  ions  dissolve  in  water.  Firstly,  a  certain  quantity  of  water  mole¬ 
cules  take  part  in  a  direct  interaction  with  the  ions  (short-range  hydration).  Secondly,  structural  changes  take 
place  in  the  remaining  fraction  of  the  water  under  the  influence  of  the  ionic  field,  and  this  involves  primarily 
a  displacement  of  the  equilibrium  between  the  ice-like  and  close-packed  structures.  This  displacement  should 
take  place  as  a  result  of  the  fact  that  the  thermodynamic  p>otentials  will  change  to  different  extents  in  the  dif¬ 
ferent  structures.  There  should,  in  fact,  be  differences  between  the  polarizability  of  the  ice-like  structure,  where 
each  molecule  is  bound  to  the  others  by  directed  hydrogen  bonds,  and  the  polarizability  of  the  close-packed 
structure,  in  which,  as  pointed  out  above,  the  directional  properties  of  the  bonds  are  much  less  marked.  This 
difference  in  the  polarizability  evidently  affects  primarily  the  orientational  fraction  of  the  polarizability. 

For  the  complete  calculation  of  this  effect,  it  is  necessary  to  know  the  magnitude  of  the  change  in  the 
thermodynamic  potential  for  each  of  the  structures,  as  a  function  of  the  intensity  of  the  field  created  by  the  ions, 
and  the  magnitude  of  this  intensity  as  a  function  of  concentration.  Detailed  calculation  of  this  kind  is  extremely 
difficult,  but  it  can  be  simplified  considerably  by  making  a  number  of  assumptions.lt  must  first  of  all  be  noted 
that  it  is  necessary  for  us  to  know  only  the  change  in  the  free  energy  difference  between  the  two  structures.  In 
addition,  the  approximation  should  be  that  which  best  corresponds  to  the  case  of  strong  fields  (i.e.,  "closer"  to 
strong  fields  than  to  weak),  since  the  intensities  of  the  fields  created  by  the  ions  in  the  solutions  are  extremely 
high— of  the  order  of  10—10®  v/cm. 

Semenchenko  [29]  has  shown  that  for  systems  with  no  phase  changes,  the  relationship 

F  =  F„i.\-U,  (3) 

where  F  is  the  free  energy  of  the  real  system,  Fjj  is  the  free  energy  of  the  ideal  system,  and  U  is  the  average 
potential  energy  of  the  molecules,  holds  fairly  satisfactorily. 

Since,  however, 

(I>  =  F  t-  />l', 

a  similar  relationship  can  also  be  written  for  the  thermodynamic  potential. 

Thus,  if  the  system  is  situated  in  an  external  field,  we  may  write 


Hi  =  (N  —  rii). 


Hi  = - 


N 


\+e 


(2) 
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where  4>j  is  the  thermodynamic  potential  of  the  unexcited  system,  and  U  is  the  average  potential  energy  re¬ 
sulting  from  the  presence  of  the  external  field. 

Let  Qi  be  the  supplementary  average  potential  energy,  produced  by  the  presence  of  the  external  field,  of 
the  water  molecules  entering  the  first  structure,  and  let  Uj  be  the  same  for  the  second  structure.  The  thermo¬ 
dynamic  potential  of  the  first  structure  in  the  electric  field  is  then 


(I),  =  a);^  u. 


(5) 


and  for  the  second  structure: 

a>2  =  (D^  -} 


(6) 


where  and  are  the  thermodynamic  potentials  of  the  first  and  second  structures  respectively,  in  the  absence 
of  an  external  field. 

The  difference  in  the  thermodynamic  potentials  of  the  two  structures  when  an  ionic  field  is  present  is 

AO)  =  A(Do  -f  AU,  (7) 


where 


AU  =  (U^  -  Ui)and  A(I>o  =  —  0)?). 


(«) 


Thus,  it  is  necessary  to  know  AU  as  a  function  of  the  concentration  of  the  ions,  and  the  appropriate  calcu¬ 
lation  is  an  extremely  complicated  statistical  problem.  The  form  of  the  relationship  between  AU  and  the  con¬ 
centration  can.  however,  be  found  without  undertaking  a  tedious  statistical  calculation. 

It  has  already  been  pointed  out  that  the  orientational  components  of  the  polarizabilities  of  the  first  and 
second  structures  are  different,  and  that  the  retardation  of  the  rotation  in  the  structure  is  evidently  more  marked 
than  that  in  the  first  structure,  since  in  the  second  structure  the  directional  properties  of  the  bonds  are  much 
less  marked,  and  the  molecules  present  in  the  spaces  between  the  latticesites  have  a  greater  individuality  than  the 
molecules  in  the  latticesites.  This  polarizability  difference  maybe  taken  intoaccount,  as  a  first  approximation,  by 
introducing  the  concept  of  the  effective  dipole  moment  of  a  water  molecule  present  in  this  structure.  The  term  "ef¬ 
fective  dipole  moment"  is  used  in  this  case  to  mean  the  average  component  of  the  dipole  moment  in  the  direction  of 
the  field.  According  to  what  has  been  said  above,  the  effective  dipole  moment  of  a  water  molecule  in  the 
second  structure  will  be  greater  than  that  of  a  water  molecule  in  the  first  structure: 


pteff  >  j^eff 


(subsequently  the  superscripts  "eff*  will  be  omitted).  It  is  known  that  the  potential  energy  of  a  dipole  in  an 
electric  field  is 


V  =  — 


if  the  directions  of  the  field  and  dipole  coincide.  In  our  case  it  may  be  assumed  that  the  direction  of  the  field 
at  a  given  point  in  the  solvent  and  the  direction  of  the  "effective  dipole  moment"  coincide. 

We  then  have,  for  the  average  energies  of  the  structures  in  an  electric  field: 
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and 


(10) 


where  |  E  |  is  the  average  value  of  the  absolute  intensity  of  the  ionic  field  at  a  given  point  in  the  solvent.  Since 
M2  >  Ml  it  follows  that  AU  <  0. 

Thus,  it  is  necessary,  first  of  all,  to  know  the  relationship  between  |  E  |  and  the  ion  concentration.  For 
this  purpose  it  is  necessary  to  find  the  distribution  function  for  |E  |  .  If  we  neglect  the  correlation  between  the 
thermal  movement  of  the  ions  and  the  translational  thermal  movement  of  the  water  molecules  in  the  "free" 
water,  then  as  a  first  approximation  the  problem  becomes  a  Holtsmark  problem  [30-32].  If,  however,  we  take 
the  exact  Holtsmark  distribution,  we  obtain  integrals  which  cannot  be  dealt  with  by  elementary  integration. 
Chandrasekhar  [33]  has  shown,  however,  that  the  Holtsmark  distribution  is  given  approximately  by  the  nearest 
neighbor  distribution.  Appreciable  discrepancies  between  the  two  are  observed  only  whenj^l  -*•  0  and  even 
then  do  not  have  a  significant  influence  on  the  results.  Thus,  when  the  magnitude  of  the  field  is  determined, 
firstly,  from  the  maximum  probability  based  on  the  Holtsmark  distribution  and,  secondly,  from  the  nearest 
neighbor  distribution,  the  results  differ  by  less  than  5‘7a 

The  nearest  neighbor  distribution  law  is  given  by  the  expression  [34^^ 

w  (r)  dr  =  t'xp  ( —  47tr'’n  /  3)  ^inr^dr,  (H) 


where  w(r)  dr  is  the  probability  that  the  nearest  neighbor  will  be  found  at  a  distance  between  r  and  r+  dr  from 
the  point  under  consideration,  and  n  is  the  number  of  particles  in  unit  volume. 


Since 


I  '  Br* 


(12) 


(where  q  =  ze  is  the  charge  on  the  charge  on  the  ion,  z  is  the  valence  of  the  ion,  and  £  is  the  dielectric  constant), 
then  the  probability  that  the  intensity  of  the  ion  at  that  point  will  lie  between  |E  |  and  |E  |  +  d  |E  |  will  be 
given  by  the  expression; 

W  (E)  dE  =  exp  ( —  4tr(/*'«n/3e'^*£’/*]  dE.  (1^) 


From  this,  regarding  the  ions  as  point  charges,  we  obtain  for  |E  | 
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(14) 


For  salts  for  which  the  charge  on  the  cation  is  equal  to  the  charge  on  the  anion,  i.e.,  z,  so  that 

Wj,  (E)=  (E),Eq.  (14)  becomes 


1^1 
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(15) 


where 


a  =  4rt 


(16) 


17 


The  integral  in  the  numerator  can  be  reduced  to 


CO 


r  (Vn) 


by  substituting 


By  the  same  substitution,  the  integral  in  the  denominator  is  reduced  to 


From  this  we  obtain  for 


lE|  : 


0 


(17) 


Using  the  expression  (16)  for  a,  and  the  fact  that  T  (V3)  =  2.68,  we  obtain 


(18) 


wlu  rc  is  the  mupbcr  of  molecules  of  the  salt  in  unit  volume.  In  a  large  number  of  cases  it  is  more  con¬ 
venient  to  use  the  mole  fraction  of  the  dissolved  salt,  i.e. ,  to  take  as  the  concentration  the  number  of  moles  of 
the  s^lt  in  1  mole  of  water.  We  then  have 

^^vol  y 


wheie  N  is  Avogadro's  number.  V  is  the  volume  of  one  mole  of  water,  and  n  is  the  mole  fraction  of  the  salt  (the 
volume  of  the  dissolved  salt  is  neglected).  Finally,  we  obtain  for  |  E  ]  the  following 

(19) 


where 


C  =  2,08 


\Y}  s'l-v.'- 


i\'-  th'  difference  between  the  potential  energies  of  the  two  structures  in  the  field  of  the  ions,  we  have, 
fro’-^  expr' '^sion  (10>  and  (19), 
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=  2,68(^) 
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A  .similar  expression  is  also  obtained  for  a  salt  for  which  z^.  ^  z^,  but  in  this  case  the  relationship  between  y  and 
the  valencies  of  the  anion  and  cation  is  slightly  different. 

The  difference  between  the  thermodynamic  potentials  of  the  two  structures  of  the  water  in  the  solution  will  be 


Aa>  =  AOo— fn’A 


(21) 


Taking  Eq.  (1)  into  account,  we  see  that, with  increase  in  concentration,  the  equilibrium  is  shifted  towards 
an  increase  in  the  number  of  molecules  in  the  second  structure.  This  also  takes  place,  however,  with  increase 
in  pressure  and  temperature.  This  provides  justification  for  the  well-known  empirical  rules;  "ions  act  in  the 
same  way  as  temperature"  and  "ions  act  in  the  same  way  as  pressure." 

In  a  solution,  as  already  pointed  out,  we  also  have  short-range  hydration,  and  the  number  of  molecules  in¬ 
volved  in  the  equilibrium  between  the  "water"  structures  decreases  as  a  result  of  the  formation  of  structures  of 
a  new  type. 

If  we  consider  1  mole  of  water  in  a  solution,  then  the  number  of  "free"  molecules  will  be  equal  toN(l—Zn), 
where  Z  is  the  number  of  water  molecules,  per  molecule  of  salt,  which  are  "bound"  by  short-range  hydration, 
and  ri  is  the  mole  fraction  of  the  salt.  The  numbers  of  molecules  present  in  the  first  and  second  structures  will 
be,  respectively. 


Mi  = 


AT  (1  —  Z/i) 
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The  relationships  obtained  can  be  used  to  calculate  a  number  of  effects,  for  example  the  change  in  the 
temperature  of  the  maximum  density  of  a  solution  with  change  in  concentration, 

3.  Calculation  of  the  Relationship  Between  the  Temperature  of  the  Maximum 
Density  of  Solutions  and  their  Concentration 

One  of  the  most  familar  anomalies  of  water  is  the  change  in  the  density  with  change  in  temperature,  which 
shows  a  maximum  density  at  t  =  4*.  The  existence  of  this  maximum  results  from  two  processes  which  take  place 
as  the  temperature  is  increased:  1)  the  ordinary  process  involving  increase  in  the  average  intermolecular  dis¬ 
tances  and  leading  to  a  decrease  in  the  density,  and  2)  the  process  involving  rearrangement  of  the  structure 
towards  a  more  close-packed  arrangement,  leading  to  an  increase  in  the  density. 

It  is  also  known  that  the  temperature  of  the  maximum  density  is  displaced  towards  lower  temperature  with 
increase  in  the  pressure.  The  temperature  of  the  maximum  density  of  aqueous  electrolyte  solutions  is  also  dis¬ 
placed  towards  lower  temperatures  with  increase  in  the  concentration.  It  is  found  that  this  effect  can  be  explained 
on  the  basis  of  the  above  model,  which  can  also  be  used  to  obtain  the  relationship  between  the  temperature  of 
the  minimum  molar  volume  of  the  water  and  the  pressure  and  concentration  of  ions  in  the  solution.  In  the  process 
it  is  assumed  that  at  low  concentrations,  the  presence  of  the  ionic  lattice  in  the  solution  has  little  influence  on 
the  temperature  of  the  maximum  density,  that  the  main  change  in  the  temperature  of  the  maximum  density 
takes  place  as  a  result  of  the  change  in  the  structure  of  water  under  the  influence  of  the  ionic  field,  and  that 
the  temperature  of  the  minimum  molar  volume  of  the  water  in  the  solution  can  be  taken  as  very  close  to  the 
temperature  of  the  maximum  density  of  the  solution  itself. 

Subsequently,  the  quantities  Vg,  A  4>o.  nj  and  n^  will  be  taken  as  relating  to  pure  water,  while  the  quantities 
V|,  A4>.  nj  and  n^  will  be  taken  as  relating  to  the  water  in  the  solution.  Vj  is  the  molar  volume  of  the  first 
structure,  and  V2  the  molar  volume  of  the  second  structure;  AV  =  (Vj— V|)>  0,  since  Vj  >  Vj.  The  last  three 
quantities  will  be  assumed  to  be  independent  of  the  ionic  field. 
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The  volume  occupied  by  one  mole  of  pure  water  can  be  expressed  in  terms  of  the  volumes  occupied  by  the 
water  molecules  in  the  first  and  second  structures,  as  follows 


—  n®  —  4-  n"  — 
*'0  —  ^1  yv  -r  ;v 


(23) 


Since,  however, 


=  N  —  n», 

we  have 

V.  =  r,  +  n;  ^  , 

or,  using  formula  (2),  we  have 

j/  —  V",  j _ 

»  0  —  2  -t-  ^  ^  ^-A<I»,/Rr~  ’ 


Assuming  that  AV  is  independent  of  temperature,  we  obtain  for  d%  / dT: 


d\  0  _  dVj 

~dT  ~  dT 


xy  ^-^1?  -  A«I../HT 

(1  f 


or,  using  the  relationship 


==  1 

(1  -|_  c“*)i  ”  2(14-  ch  x)  ’ 


we  obtain 


dVo  _  d^ 
dT  ~  dT 


AVAcbo 


2flr*  (i  +  ch  ^”) 


(24) 


At  low  temperatures  (below  4*),  the  major  part  is  played  by  the  second  term  in  the  right-hand  side  of  the 
equation,  and  the  volume  decreases.  At  temperatures  above  4*,  the  major  part  is  played  by  the  term  dVj/dT, 
and  the  volume  increases  with  temperature.  The  condition  for  the  minimum  molar  volume(dVo/dT  =  0))willbe: 

dVj  ^ _ AcPpAV _ 

“2n(7-i;,)‘^i  +  ch^)‘  (25) 

Let  us  derive  an  analogous  expression  for  the  water  in  a  solution.  The  volume  of  one  mole  of  water  in 
solution  will  be  equal  to 


V  = 


Ml 


Yjl 

N 


+  tl2 


N 


“f"  ^'hydr, 


(26) 
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where  is  the  volume  occupied  by  the  water  molecules  which  have  left  the  equilibrium  between  the  struc¬ 

tures  and  are  present  in  the  first  coordination  sphere  of  the  ions. 

Using  the  expression  (22),  we  obtain 


. .  {l—Zn)Vi  ( 1  —  Zn) 

*  ~  I  .  ~  j  (  "~A<h/RT 


*^hydr 


If  it  is  assumed  that  Z,  and  hence  are  independent  of  the  temperature,  then  in  analogous  fashion  we 

obtain,  for  the  minimum  value  of  V,  the  condition; 


Since  it  can  be  assumed  that  dV2/dT  is  the  same  for  pure  water  and  for  the  water  in  solution,  we  obtain  the 
following  expression  for  Tm  —  the  temperature  of  the  minimum  molar  volume  of  the  water  in  solution- as  a 
function  of  the  temperature  of  the  minimum  molar  volume  of  pure  waten 


(7’:;,)=  [  1  i  rh  ]  Tl,  (  1  +  ch 


Here  A<j>o  is  the  difference  between  the  thermodynamic  potentials  of  the  first  and  second  structures  in  pure 
water,  and  A<{>  is  the  same  for  the  water  which  is  penetrated  by  the  electrostatic  field  of  the  ions,  i.e.,  in  solution. 

It  IS  quite  obvious  that  a  similar  equation  is  also  obtained  for  the  temperature  of  the  minimum  molar 
volume  of  water  under  an  external  pressure. 

Equation  (29)  is  transcendental  and  cannot  be  solved  directly.  It  can.  however,  be  reduced  with  a  good 
degree  of  approximation,  to  a  quadratic  equation  in  Tj,^.  Expanding ch(A<^/RT)into  a  series,  we  obtain; 

<■''  =  '  i-A<I>f,/2/(q7-il,)=;  ch  f'l;  =,  1  :  A(I>/2«=J’s,. 

From  this 


_ _ 


After  transformation  we  obtain; 


7’‘-  _  /7'*’  \2 


A(I>(A<I>o—  A<P) 
7ilP 


and  thus 


f  __l/' /T’O  \2  1  A<I*(A<I>o — Ad)) 

M  r  '  Ad)o  ' 


Using  the  expression  (21)  obtained  above  for  A$,  we  obtain; 
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T 


M 


=  |/  (rs,)> 


A(I»« 


7n’'^*(  A®o  —  7”*'^*) 
4«3 


(31) 


It  can  be  seen  from  this  expression  that  with  increase  in  the  concentration  of  the  solution,  the  minimum  Is 
displaced  towards  lower  temperatures,  and  this  agrees  with  experimental  data.  In  order  to  carry  out  a  quantitative 
comparison  with  experimental  data,  it  is  necessary  to  know  the  numerical  values  of  A4>o  and  y.  As  far  as 
is  concerned,  its  value  can,  according  to  Hall,  be  taken  as  equal  to  500  cal/mole.  The  value  of  y  can.  in  prin¬ 
ciple,  be  calculated  from  formula  (20a).  For  this  purpose,  however,  it  is  necessary  to  estimate  in  some  way  the 
difference  between  the  effective  dipole  moments  (Pj  -  Pj)  in  the  first  and  second  structures  respectively.  It  is 
extremely  difficult  to  do  this  by  an  independent  method,  however.  The  only  method  left  for  calculating  y  is 
by  comparing  the  formula  with  the  experimental  data  for  a  definite  concentration,  and  using  the  value  of  y  ob¬ 
tained  in  this  way  [according  to  Eq.  (20a),  this  value  will  be  independent  of  the  concentration]  for  all  other 
concentrations. 


From  Eq.  (30)  we  can  obtain  an  equation  for  A4>; 


A(D«- 


A(D„ 


+  A(Do  Aa)  l-4/?2rXf=0. 


From  this 


A(D 


\  AOo  '^  2/  y  I  A(Do 


-I- 


Aa>„ 


WT 


M 


Only  one  root  has  physical  significance. 

We  can  now  find  the  value  of  A4>  at  which  Tm  for  the  solution  becomes  equal  to  0*.  This  value  Is  found 
to  be  482  cal/ mole.  Since  A4>  =  A4>o  -  yn^*,  we  obtain  the  following  formula  for  y: 

7  =  18/n’/.  kcal/mole,  (32) 

where  no  is  the  concentration,  in  mole  fractions,  at  which  the  temperature  of  the  maximum  density  of  the  so¬ 
lution  becomes  equal  to  0®. 

This  formula  was  used  to  obtain  the  values  of  y  for  a  number  of  salts.  It  was  found  that,  in  accordance 
with  the  relationship  (20a).  y  is  determined  primarily  by  the  valencies  of  the  ions  of  the  salt.  For  the  salts 
NaCl,  NaN03,  Nal,  KCl,KBr,and  KI,  the  value  of  y  is  of  the  order  of  550  cal/ mole.  For  LiCl,  LiBr,  and  Lil,  the  value 
found  for  y  was  350  cal/mole,  and  for  ZnS04,  CdS04,  and  MgS04the  value  found  was  800  cal/mole.  Thus  inaccord¬ 
ance  with  formula  (20a),  the  value  of  y  for  2, 2-valent  salts  is  approximately  double  the  value  fori, 1-valent  salts. 

Formula  (20a)  does  not  give  the  relationship  between  y  and  the  radii  of  the  cations  and  anions,  since  in  the 
derivation  it  was  assumed  that  the  ions  were  points.  It  is  obvious,  however,  that  the  average  intensity  of  the 
field  created  in  the  solution  by  the  ions  should  decrease  with  increase  in  their  radii.  From  this  point  of  view, 
the  low  values  of  y  for  lithium  salts  appear  rather  surprising.  It  is  necessary,  however,  to  take  account  of  the 
fact  that  the  magnitude  of  the  average  field  produced  by  the  cation  is  determined  not  only  by  Its  radius  but 
also  by  the  screening  effect  produced  by  the  first  coordination  layer  of  the  ion.  If  the  layer  is  sufficiently 
"compact",  then  the  "effective  radius"  of  the  hydrated  cation  will  be  more  greater  than  the  crystallo-chemical 
radius.  For  the  Li^  cation,  which  has  a  very  small  radius,  the  first  coordination  sphere  Is  evidently  much  more 
compact  than  than  that  of  Na^  or  K"*",  since  the  coordination  numbers  of  the  Li^,  Na'*'  and  ions  are  close  to 
one  another  [3]. 

From  formula  (20a)  and  the  values  obtained  for  y,  it  is  possible  to  estimate  the  value  of  the  difference 
(Pj  -  Pi)  in  the  effective  dipole  moments  of  the  water  molecules  associated  in  the  first  and  second  structures 
respectively.  This  quantity  is  found  to  be  approximately  equal  to  0.8X10"^*  CGSE.  This  value  Is  reasonable, 
when  we  take  account  of  the  fact  that  the  dipole  moment  of  the  water  molecule  in  the  gaseous  state  is  equal 
to  1.86X10'“  CGSE. 
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Figures  1-3  show  the  relationship  between  the 
temperature  of  the  maximum  density  and  the  concen¬ 
tration  for  a  number  of  salts.  The  solid  lines  give  the 
theoretical  curves  calculated  from  formula  (31);  the 
values  of  y  given  above  for  the  three  groups  of  sala 
were  used. 

Figure  1  gives  data  for  the  group  of  potassium 
and  sodium  salts,  Fig.  2  gives  data  for  the  lithium 
halides,  and  Fig.  3  gives  data  for  some  sulfates  with 
divalent  cations.  The  experimental  values  of  Tj^  were 
taken  from  Tables  [35]. 


Fig.  1 


The  curves  show  that  formula  (31)  gives  accurately 
the  relationship'between  the  temperature  of  the  maxi¬ 
mum  density  and  the  concentration  at  low  concentration. 
At  high’  concentrations,  the  use  of  formula  (31),  strict¬ 
ly  si)eaking,  is  unjustified,  since  in  its  derivation  we 
neglected  the  presence  of  the  ionic  lattice  in  the  so- 

—j—  lution. 

n  (mole 

The  model  developed  in  section  2  to  describe  the 
influence  of  ions  on  the  "free"  water  can  be  used  to 
calculate  a  whole  series  of  effects.  In  [36]  this  model 
was  used  to  calculate  the  change  in  the  volume  of  the 
water  in  the  solution. 


Fig.  2 


Fig.  3 


This  treatment,  by  which  account  is  taken  of  the 
influence  of  ions  on  the  structure  of  the  "free"  water, 
has  proved  extremely  important  in  the  determination 
of  the  change  in  the  temperature  of  the  minimum  adi¬ 
abatic  compressibility  of  aqueous  solutions  with  change 
in  concentration.  In  [37],  it  was  shown  that  the  in¬ 
fluence  of  ions  on  the  structure  of  the  "free*  water 
tends  to  displace  the  minimum  adiabatic  compress¬ 
ibility  towards  lower  temperatures.  At  low  concentra¬ 
tions,  the  significant  part  is  played  by  the  first  effect, 
and, at  high  concentrations, the  significant  part  is  played 
by  the  second  effect.  It  has  been  shown  [38]  that  by 
studying  the  behavior  of  the  minimum  adiabatic  com¬ 
pressibility,  it  is  possible  to  estimate  the  influence  of 
ions  on  the  structure  of  the  "free  watef. 


The  model  which  has  been  developed  can  also  be  used  to  calculate  a  number  of  other  effects,  for  which 
the  influence  of  ions  on  the  structure  of  the  "free"  water  is  important,  for  example;  the  change  in  viscosity  of 
a  solution  with  change  in  concentration,  the  absorption  of ' ultrasonic  waves  by  electrolyte  solutions,  the  heat 
capacities  of  soluticxis,  etc. 


SUMMARY 

The  main  features  of  the  changes  produced  by  ions  in  water  may  be  summarized  as  follows. 

1.  The  ions  interact  with  the  nearest  water  molecules,  and  this  interaction  affects  primarily  the  trans¬ 
lational  movement  of  the  water  molecules. 

2.  The  rest  of  the  water  beyond  the  first  coordination  sphere  lies  in  the  strong  electrostatic  field  of  the 
ions.  The  presence  of  this  field  leads  to  a  displacement  of  the  thermodynamic  equilibrium  between  the  tet- 
rahedrally-coordinated  and  close-packed  structures  towards  the  latter.  In  other  words,  the  presence  of  the  ionic 
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field  leads  to  an  increase  in  the  number  of  molecules  which  are  present  in  the  open  spaces  in  the  structure  and 
which  undergo  translational  movement  through  these  open  spaces. 

The  influence  of  ions  on  the  structure  of  the  "free"  water  makes  it  possible  to  explain  a  whole  series  of 
effects,  for  example,  the  decrease  in  the  temperature  of  the  maximum  density  of  a  solution  with  increase  in  the 
concentration  of  the  salt. 
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Using  the  Rivkind  method,  the  authors  studied  the  time  of  proton  relaxation  Tj  in  aqueous  so¬ 
lutions  of  diamagnetic  nitrates  of  elements  in  Group  H  of  the  Periodic  System,  It  was  found 
that  these  solutions  have  a  shorter  proton  relaxation  time  than  water.  This  is  due  to  the  change 
in  the  correlation  time  of  proton  dipole  interaction,  which  occurs  as  a  result  of  ion  hydration. 

A  hypothesis  was  advanced  with  regard  to  the  interrelation  between  the  ratio  of  times  T|  for 
solution  and  pure  water  and  the  most  important  characteristic  of  inner  hydration  of  the  ions— 
the  ratio  rj/r  .  The  quantity  A  14  correspondingto  the  decrease  of  Tj  in  a  molar  solution  of  the 
given  salt,  is  proposed  as  a  characteristic  of  the  effect  of  ions  on  Tj  for  protons  in  aqueous  so¬ 
lution.  The  quantity  Aj^  is  called  the  molar  relaxation  shift  in  analogy  with  the  molar  chemi¬ 
cal  shift  (6m)  of  high-resolution  spectra  (NMR).  A  correlation  between  Am  and  6jy^  for  protons 
under  the  same  conditions  was  found.  Comparison  of  Am  with  ionic  radii  shows  sharply  dif¬ 
ferent  functionalities  for  A-  and  B-subgroup  ions.  On  this  basis,  the  hypothesis  is  advanced 
that  the  ion-water  bond  is  covalent  in  the  case  of  B-subgroup  ions,  which  makes  it  possible  to 
explain  the  greater  effect  of  these  ions  on  Tj  in  comparison  with  A-subgroup  ions. 


At  present,  the  action  of  paramagetic  ions  on  the  relaxation  time  of  protons  in  water  is  so  well  understood 
that  it  can  be  used  for  purposes,  for  instance,  of  physical  chemistry  [1,  2].  The  question  of  the  effect  of  dia¬ 
magnetic  ions  on  proton  relaxation  is  in  an  entirely  different  state:  theoretically  and  experimentally,  it  Ls  little- 
studied,  and,  correspondingly,  the  number  of  works  on  it  is  very  limited.  At  the  same  time,  as  a  review  of  ex¬ 
isting  investigations  of  this  question  [3,  4,  5,  6]  shows,  it  is  of  great  practical  importance  inasmuch  as  the  effect 
of  diamagnetic  ions  on  the  relaxation  of  protons  in  aqueous  solutions  and  the  NMR  spectra  of  such  protons  is 
very  closely  connected  with  their  hydration,  and  is  one  of  the  important  problems  of  the  modern  physical  chem¬ 
istry  of  solutions. 

An  interesting  theoretical  and  experimental  investigation  in  this  direction  was  conducted  by  Broersma  [3]. 
Using  the  method  of  magnetic  relaxation  spectroscopy,  he  measured  the  "relaxation  number"*  and  found  changes 
in  the  latter  in  aqueous  solutions  of  various  diamagnetic  ions  (Li^,  Na'*’, K+,M^  ,  Ba*^,  Al*^),  On  the  basis  of 
the  theory  under  development,  the  author  explains  these  changes  by  the  fact  that  the  relaxation  time  of  dia¬ 
magnetic  solutions  is  determined  not  only  by  the  correlation  time  of  dipole  interaction  Tq  for  pure  water,  but 
also  the  time  during  which  protons  remain  in  the  inner  sphere  of  the  ion;  the  rate  of  departure  of  the  latter  from 
this  region  disturbs  the  averaging  of  "relaxation  rates"  in  the  system.  The  picture  of  the  change  in  time 

•  Authors* term  [3], 
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Fig.  1.  Relation  between  the  cor-  Fig.  2.  Change  of  proton  relaxation  time  in 

relation  time  and  the  ion  -  water  solutions  of  ions  of  elements  in  the  second 

molecule  (ion- proton  distance),  gtoup.  The  signal  of  a  Mn*^  solution  of  con- 

Curves  for  Z  =  1  and  2  are  hy-  centration  4.02x10“^  M  was  taken  to  be  100.0. 

pothetical;  those  for  Z  =  3  are 

drawn  from  the  data  of  Broersma  r  ......  . 

with  respect  to  distance  from  the  ion,  shown  in  Fig.  1,  is  a 

conclusive  argument  in  favor  of  Broersma's  explanation.  The 
latter  also  found  a  very  weak  negative  effect  of  certain  ions, 
lying  almost  within  the  limits  of  experimental  error, an  increase  of  relaxation  time.  In  the  author's  opinion, 
this  is  caused  by  the  appearance  of  disorder  in  the  structure  of  water;  i.e.,  in  the  presence  of  these  ions,  the  rate 
of  disintegration  of  liquid  crystals,  or  zones  of  local  order,  is  greater  than  the  rate  of  their  formation  (the  ex¬ 
istence  of  such  zones  was  proved  by  the  author’s  investigation  of  the  temperature  dependence  of  the  relaxation 
of  protons  in  water  [3]).  Possibly  we  would  not  mention  this  fact,  which  is  allotted  only  a  secondary  place  even 
in  work  [31,  if  it  did  not  attest  to  the  finding  of  the  phenomenon,  which  Samoilov  called  negative  hydration  [7], 
by  the  NMR  method. 


As  Meiboom  and  co-workers  [4]  showed  in  an  investigation  of  proton  relaxation  in  aqueous  solutions  with 
various  prfd  values  by  the  spin  echo  method,  the  correlation  time  of  proton  exchange  also  may  strongly  affect  Tq. 
Connick  and  Poulson  [5],  on  studying  the  NMR  of  in  aqueous  solutions  of  paramagnetic  ions  of  elements  in 
the  first  inserted  decade,  determined  the  time  of  departure  of  water  molecules  from  the  first  coordination 
sphere  of  these  ions. 


On  the  basis  of  the  results  of  work  [3]  it  may  be  assumed  that  the  length  of  time  during  which  the  proton 
lies  near  one  ion  o’-  another  will  cause  a  change  in  the  high-resolution  NMR  spectrum  of  protons  (or,  probably, 
nuclei  of  a  hydrated  ion);  i.e.,  hydration  may  lead  to  the  appearance  of  a  chemical  shift  in  the  NMR  spectrum 
of  protons.  Recently,  Axstmann  [6]  actually  found  this  phenomenon  in  nitrate  solutions  containing  bi-,  ter-,  and 
quadrivalent  cations  [7].  The  molar  chemical  shifts  6  m.  which  he  measured  for  a  number  of  ions,  display  re¬ 
markable  correlation  with  the  indices  of  the  acidity  constant  pKa  for  these  ions.  Since  this  correlation  is  ob¬ 
served  only  when  the  ion-water  bond  of  the  hydration  shell  is  electrostatic  and  not  when  the  bond  is  covalent, 
the  author  proposes  its  use  as  an  indicator  of  the  character  of  the  ion— water  bond. 


We  began  a  systematic  study  of  aqueous  solutions  of  various  diamagnetic  salts.  The  results,  obtained  with 
solutions  of  nitrates  of  elements  in  the  second  group  of  the  Periodic  System  and  reported  in  the  present  article, 
are  the  first  step  in  this  direction.  We  chose  second-group  elements  as  the  first  subject  for  the  investigations, 
for  the  following  reasons:  as  Broersma  notes  [3],  alkali-metal  ions  give  a  very  small  effect,  the  study  of  third- 
group  ions  might  be  complicated  by  hydrolysis  and  the  unavailability  of  certain  compounds,  which  would  cause 
the  final  picture  to  be  ambiguous  and  incomplete.  The  investigation  was  conducted  by  the  method  of  measuring 
relative  changes  in  the  relaxation  time  of  protons  in  water  [1].  The  solutions  were  prepared  from  carefully- 
recrystallized  salts  (of  purity  "CP"  and  "PAR").  Distilled  nitric  acid  and  redistilled  water  were  used;  their 
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Fig.  3.  Relation  of  Am  and  6  m  [6] 
to  the  ionic  radius. 


freedom  from  paramagnetic  admixtures  was  checked  directly  in  the 
apparatus,  which  was  operating  under  high- sensitivity  conditions;  the 
pH  of  all  solutions  was  about  zero  (1.5  N  HNO3).  Standard  solutions 
of  Mn  were  prepared  by  solution  of  a  manganese  sulfate  preparation 
especially  intended  for  calibration.  The  effect  of  atmospheric  oxygen, 
which  is  negligible  in  concentrated  electrolyte  solutions,  was  either 
taken  into  account  or  eliminated  by  its  removal  from  the  solutions.  To 
avoid  the  complicating  effect  of  macroviscosity,  we  investigated  so¬ 
lutions  having  nitrate  concentrations  such  that  their  macroviscosity 
was  practically  the  same  as  the  viscosity  of  water.  For  this,  their  vis¬ 
cosity  was  measured  with  an  Ostwald  viscometer  graduated  by  means 
of  glycerol  ("dynamite"  grade)  according  to  tables  in  [9]. 

From  the  experimental  results,  which  are  given  in  Fig.  2,  it 
follows  that  the  studied  ions  may  lead  to  a  considerable  decrease  in 
the  proton  relaxation  tjme  in  a  number  of  cases,  as  Broersma  also  noted 
[3].  It  is  also  evident  that  the  effectiveness  of  action  of  the  ions  de¬ 
pends  on  their  position  in  the  Periodic  System -whether  they  belong  to 
the  A  or  B  subgroup;  i.e.,  it  depends  on  the  type  of  electron  shell  in 
the  ion. 


It  is  generally  known  that  the  relaxation  time  of  pure,  liquid  water  is  described,  according  to  Solomon 
[10],  by  the  following  equation: 


1  _  1  _  3 
7’,  “  j\  ~  y  ^ 


(1) 


(Tj  and  T2  arc  the  times  of  longitudinal  and  transverse  relaxation,  h  =  h/2rr,  y  is  the  gyromagnetic  ratio  for  the 
proton,  b  is  the  proton- proton  distance,  and  Tq  is  the  correlation  time  of  dipole  interaction).  As  follows  from 
[3-5],  in  the  first  approximation  Eq.  (1)  may  be  considered  valid  for  the  description  of  proton  relaxation  in  a 
diamagnetic  solution  (i.e.,  a  solution  containing  diamagnetic  ions)  if  it  is  assumed  that  ccxitributions  from  the 
interaction  of  diamagnetic  ions  with  a  nuclear  magnetic  moment  are  small.  This  is  quite  obvious  both  by  virtue 
of  the  rarity  of  individual  isotopes  in  nature  and  because  certain  nuclei  have  no  magnetic  moment.  In  the  same 
approximation  it  may  be  assumed  that  in  a  diamagnetic  solution,  the  distance  b  does  not  vary  enough  to  affect 
the  relaxation  time;  i.e.,  we  assume  that  the  contribution  from  the  change  in  Tq  is  much  greater  than  that 
from  the  change  in  b.  This  is  qualitatively  confirmed  by  Fig.  1. 

Let  us  consider  the  quantity  r^.  A  water  molecule  in  solution  has  translational  and  rotational  (orienta- 
tional)degrees  of  freedom.  Thus,  the  time  of  energy  exchange  between  the  protons  of  two  adjacent  water  mole¬ 
cules  depends  on  the  time  during  which  one  molecule  remains  in  an  equilibrium  position  near  the  other,  and  the 
time  during  which  the  orientation  of  these  two  molecules  is  favorable  for  effective  energy  exchange.  These 
time  intervals  also  determine  the  value  of  Tq.  Hence,  by  determining  the  ratio  of  the  proton  relaxation  time 
for  a  diamagnetic  solution  to  that  for  pure  water,  we  obtain  the  ratio  of  the  correlation  time  of  dipole  inter¬ 
action  for  the  solution  (r^)  to  that  for  pure  water  (r^).  As  follows  from  the  definition  of  r^,,  this  ratio  is  pro¬ 
portional  to  Ti/ T  ,  the  ratio  of  the  time  during  which  the  water  molecules  remain  in  the  equilibrium  position 
nearest  to  the  ion  in  the  solution  structure  (ri)  to  the  time  during  which  they  are  surrounded  by  other  water 
molecules  (r  ),  which  is  the  very  important  characteristic  of  inner  hydration,  first  introduced  by  Samoilov  [7];  i.e.. 


(2) 


This  proportionality  will  be  the  more  strictly  fulfilled,  the  more  constant  is  the  relative  contribution  of 
rotational  motion  to  Tc-  Thus,  by  studying  proton  relaxation  in  aqueous  solutions,  one  probably  can  determine 
the  value  of  ri/r  ,  which  until  now  has  only  been  indirectly  evaluated  from  data  on  ionic  mobilities  and  coef¬ 
ficients  of  the  self-diffusion  of  water  [8]. 
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Compound 

TVr« 
c  c 

(±0.3). 

rel.  un. 

1  Compound 

A  A,  (±0.3). 
rel.  un. 

Ik- (NO,), 

7,7 

12,0 

! 

(jd  (N03)2 

5,1 

6,5 

Mir(N(M2 

6,4  •.** 

6,0 

Ha  (NOala 

1,3 

0,25  ♦ 

Ca  (N<Vh 

3,7  ••• 

3.0 

llg(N03)2 

3.'),0 

49,4 

Zll  (N(  ):,)2 

1»,2 

13.0 

Ha  (N03)2 

0,6 

-0,4  * 

Sr  (iNOnk. 

**  2 

i,r» 

•Values  obtained  by  extrapolation  (Fig.  3). 

•  •  According  to  [8],  86.31. 

•  *  •  According  to  [8],  2.16. 


The  relaxation  time  of  the  diamagnetic  solution  may  be  represented  as  follows: 

(77).  =  (7VI-l(5V)r 

Here  (l/Ti)o  is  the  contribution  from  fre^  water,  and  (l/Ti)^  is  the  contribution  from  water  in  the  hydration 
shell  of  tlie  ion.  Hence,  for  the  ratio  of  values  of  signals  from  the  solution  being  investigated  and  pure  water 
we  have: 


1  \  /  /  1  \ 


C  O 


(4) 


(No  and  Nj  are  the  concentrations  of  water  and  ions  in  moles/ liter  in  the  aqueous  solution,  and  n^  is  the  hydration 
number  of  the  given  ion),  where 


(5) 


Our  values  of  r^/r  q,  calculated  for  Samoilov's  hydration  numbers  [8],  are  given  in  Table  1. 

For  the  ion  group  chosen  by  us,  unfortunately,  there  are  few  data  on  ri/r  ;  in  the  future,  therefore,  it  will 
be  necessary  to  work  with  ions  which  have  been  studied  more  in  this  respect.  At  the  same  time  comparison  with 
existing  data  shows,  for  instance,  good  agreement  for  Ca*^  (table).  The  inordinately  great  discrepancy  in  the 
case  of  Mjf  is  apparently  explained  by  the  fact  that  the  proportion  of  activated  jumps  in  conjunction  with  the 
water  molecules  nearest  to  this  ion  is  very  great  [5,  6,  8];  obviously,  their  contribution  to  the  effect  measured 
by  us  is  not  perceptible,  and,  hence,  the  comparison  made  here  is  only  a  forced  one.  Moreover,  there  were 
generally  no  grounds  to  expect  any  better  agreement  of  with  values  of  Tj/r  than  that  given  in  the  litera¬ 
ture  for  Ca^*^,  in  view  of  the  fact  that  the  quantities  contain  the  neglected  contribution  of  the  nitrate  ion. 

It  is  a  very  important  fact  that  values  obtained  for  elements  of  the  A-subgroup  fall  regularly  from  Be*^  to 
Ba  ,  which  agrees  with  modern  views  on  the  hydration  of  these  ions  [8].  This  course  of  the  quantities  r  j./ 
makes  it  possible  to  judge  the  correctness  of  our  hypothesis  on  the  role  of  the  quantity  b  in  relaxation  in  dia¬ 
magnetic  solutions.  According  to  the  views  of  Frank  and  Wen  [11],  the  role  of  Layer  B  (the  layer  having  the 
greatest  disorder  of  structure  of  water  near  the  ion)  increases  with  the  ionic  radias,  i.e.,  from  Be**^  to  Ba‘  in 
our  case.  But  in  just  this  layer,  the  distance  b  may  change  very  substantially  owing  to  the  fact  that  the  number 
of  orientations  of  water  molecules  with  protons  is  apparently  greater  than  Ls  possible  in  Layer  C  (a  layer  with 
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unchanged  water  structure),  and  still  greater  than  in  Layer  A  (the  inner  sphere  of  the  ion).  If  the  contribution 
from  changes  in  b  were  equal  to  that  from  changes  in  r^,  or  exceeded  it,  either  the  quantities  J’j./r®  in  general 
would  not  decrease  in  the  series  being  considered  (equality  of  both  contributions),  or  a  picture  opposite  to  that 
given  in  the  table  would  be  observed.  The  decrease  in  the  ratio  unambiguously  indicates,  firstly,  that  the  hy¬ 
pothesis  advanced  above  on  the  role  of  the  H  — H  distance  in  proton  relaxation  processes  in  diamagnetic  solutions 
is  valid  and,  secondly,  that  the  decrease  in  the  relaxation  time  in  these  solutions  is  connected  with  Layer  A;  i.e., 
the  ratio  obtained  by  us  characterizes  the  inner  hydration  of  the  ions. 

For  individualization  of  the  effect  of  ions  on  the  relaxation  time  we  used  a  quantity,  directly  obtainable 
from  experiment,  which  is  defined  as  the  decrease  in  the  relaxation  time  of  protons  in  water  on  addition  of  1 
mole  of  the  given  compound  (Aj^).  These  values  for  the  ions  investigated  (in  arbitrary  units),  corrected  for  the 
change  in  the  number  of  protons,  ocurring  on  dilution  of  the  water  by  the  salt,  are  given  in  the  table.  In  Fig.  3 
they  are  compared  with  the  corresponding  ionic  radii. 

Since  the  data  for  ions  of  alkaline-earth  elements  are  easily  plotted  on  one  straight  line,  a  more  precise  value 
of  Afy{  can  be  obtained  for  barium  nitrate,  the  direct  experimental  determination  of  which  led  to  a  large  error, 
and  the  quantity  Af^  can  be  evaluated  for  radium  nitrate,  with  which  no  experiments  have  been  performed. 

More  important,  of  course,  is  the  fact  that,  by  analyzing  the  picture  obtained,  one  can  draw  conclusions  on  the 
nature  of  the  ion— water  bond  for  second-group  ions.  This  possibility  is  based  on  the  sharp  difference  in  the  re¬ 
lation  between  A^  and  the  ionic  radius  for  A-  and  B-subgroup  ions.  Similar  graphical  analysis  (Fig.  3)  of  values 
of  5m  [6 1  shows  that  our  data  fully  agree  with  Axstmann's  results.  Compiarison  of  these  functionalities  shows 
that  both  the  correlation  of  tlie  chemical  shift  6  m  of  NMR  proton  spectra  with  pK^  values  and  therelation  between 
5m  and  the  ionic  radius,  and  the  relation  found  between  Aj^  and  the  ionic  radius  indicate  the  character  of  the 
ion  — water  bond.  Such  agreement  of  data  obtained  by  different  methods  is  not  fortuitous:  in  both  cases  we  are 
dealing  with  a  single  phenomenon  (NMR),  and  in  both  cases  the  measured  effect  is  due  to  a  change  in  the  c<x- 
relation  time  of  dipole  interaction  r^.  The  fact  that  values  of  Am  for  zinc,  cadmium,  and  mercuric  nitrates 
do  not  lie  on  the  same  straight  line  as  those  for  ions  of  alkaline-earth elementson the  graph  AM  =  f(rjQp,)  indi¬ 
cates  some  covalence  in  the  bond  between  these  ions  and  the  water  hydrating  them,  the  degree  of  which  de¬ 
creases  from  Zn  to  Cd  and  increases  from  Cd  to  Ilg.  This  conclusion  is  consistent  with  data  of  the  chemistry  of 
complex  compounds  of  these  elements  and  does  not  contradict  Axstmann’s  results.  The  correlation  found  by  the 
latter,  for  all  its  undoubted  value,  apparently  only  reflects  the  character  of  that  bond  between  the  ion  and  water, 
which  predominates  with  the  given  ion.  This  Ls  possibly  due  in  part  to  the  quantity  6  m  ^nd  mainly  to  the  quan¬ 
tity  pKj,  whose  comparison  with  the  chemical  shift  is  less  useful  for  determining  the  character  of  the  ion— water 
bond,  since  the  index  of  the  acidity  constant  reflects  the  character  of  interactions  in  the  solution  only  indirectly. 
The  ionic  radii  directly  determine  the  distribution  of  particles  and  their  interaction  in  solution,  and  hence  com¬ 
parison  with  them  is  more  worth  while.* 

Our  conclusion  is  confirmed  by  the  following,  interesting  experimental  fact,  discovered  by  Vdovenko  and 
Kovaleva  [11 1.  The  salting-out  effect  of  zinc  and  cadmium  nitrates  does  not  correspond  to  their  ionic  radii; 
i.e.,  as  salting-out  agents,  they  act  as  if  their  ionic  radii  were  greater  than  they  actually  are.  This  becomes 
understandable  when  the  covalent  character  of  the  bond  between  these  ions  and  water  molecules  is  taken  into 
account. 

In  connection  with  the  above,  the  position  obtained  for  B-subgroup  ions  is  of  special  interest.  The  me¬ 
chanism  of  the  effect  on  the  proton  relaxation  time  in  this  case  differs  from  the  mechanism  obtaining  in  the 
case  of  ions  of  alkaline-earth  elements,  where  it  apparently  must  be  determined  onlybythe change  in r^.  fn  the 
case  of  zinc-subgroup  ions  this  effect  is  accompanied  by  another  which  is  due  to  the  covalent  character  of  Me*— 
II2O  interaction.  Thus,  the  relaxation  time  of  protons  in  the  solution  consists  in  this  case  not  only  of  contribu¬ 
tions  corresponding  to  water  molecules  with  different  values,  but  also  a  third  contribution,  due  to  the  covalent 
bond,  i.e.,  the  contribution  from  the  paramagnetism  of  MefHgO)^  complexes.  The  formation  of  these  more  or 
less  stable  particle  groups  is  due  to  the  fact  that  the  activation  energy  of  exchange  of  their  constituents  with 
particles  not  entering  into  the  group,  is  large  [13].  Values  of  rj/  found  for  this  case  correspond  to  just  this 
situation. 


•Values  of  Am  correlate  with  pK^,  the  same  as  values  of  6  m*  In  this  case  a  similar  smoothing-out  of  the  dif¬ 
ference  between  the  A-and  B-subgroups  occurs  in  the  graph  of  AM=f(pK3). 
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As  Rivkind  [14]  showed  in  the  case  of  complexes  of  metals  in  the  first  inserted  decade,  when  a  covalent 
bond  is  formed  with  the  participation  of  nd-orbitals  of  the  central  ion  as  a  result  of  partial  transfer  of  electrons 
with  uncompensated  spins  to  the  ligands,  l/Tj  increases,  since  the  ligands  become  paramagnetic  and  the  "screen¬ 
ing*  of  the  central  ion  is  disturbed.  Morgan,  et  al.,  apparently  observed  a  similar  phenomenon  in  the  case  of 
the  complex  Cr(H20)*g  [15].  Since  zinc  ions  do  not  have  electrons  with  uncompensated  spins,  the  following 

explanation  seems  reasonable:  the  apfxiarance  of  a  paramagnetic  constituent  in  our  case  apparently  is  due  to 
excitation  of  the  ground  state  of  the  Me^  ion,  or  the  contribution  of  the  resulting  excited  states  to  the  decrease 
of  Tj  for  protons  in  the  solution.  Such  excitation  of  the  ground  state  in  ions  having  an  inert-gas  electron  shell 
is  unlikely  from  energetic  considerations.  For  B-subgroup  ions  having  an  nd*®  shell  in  the  given  case,  it  is  far 
more  probable."  Excitation  occurs  as  a  result  of  overlapping  of  the  wave  functions  of  nd -electrons  in  the  metal 
ion  with  unshared  electron  pairs  of  oxygen  in  the  water  molecule.  In  this  case,  as  might  be  supposed  on  the  basis 
of  the  general  discussion  itself,  the  relative  weight  of  the  excited  states  increases  owing  to  partial  compensation 
of  electron  spins  therein. 

Using  somewhat  more  concrete  terminology,  one  may  say  that  in  the  given  case  the  proton  relaxation 
time  gives  information  on  the  redistribution  of  electron  density  between  the  metal  ion  and  the  water  molecules 
of  the  hydration  shell,  which  occurs  when  a  covalent  bond  is  formed.  The  fact  that  such  redistribution  actually 
occurs  in  the  systems  being  considered  is  unambiguously  indicated  by  values  of  found  for  zinc  and  cadmium 
by  Axstmann  [6],  since  the  chemical  shift  of  NMR  spectra,  by  its  nature,  is  directly  related  to  the  electron- 
density  distribution  [16].  The  correspondence  between  values  of  the  molar  chemical  shift  and  the  molar  de¬ 
crease  of  relaxation  time  Af^  must  again  be  emphasized  in  this  connection.  As  shown  by  the  entire  discussion, 
it  may  be  assumed  that  Aj^j  is  an  additive  composite  of  two  contributions:  that  due  to  electrostatic  (ion-dipole) 
interaction  and  that  which  takes  into  account  covalent  bond  formation  (the  additivity  of  the  probabilities  of  re¬ 
laxation  transitions  makes  it  possible  to  speak  of  the  additivity  of  Aj^).  As  is  evident  from  Fig.  3,  these  com¬ 
ponents  are  proportional  to  segments  cb  and  ba,  resjjectively.  It  is  of  interest  to  note  the  following.  If  it  is  as¬ 
sumed  that  such  contributioas  exist  for  it  is  found  that  their  ratio  for  Aj^  in  the  case  of  zinc  is  almost  ex¬ 
actly  equal  to  the  ratio  of  the  same  quantities  for  (Fig.  3,  segments  cb’and  H  a’,  respectively):  1.6o  and  1.5g. 
For  Aj^  and  in  the  case  of  cadmium,  the  equality  is  very  approximate:  O.Sg  and  l.Sg.  Possibly  this  quanti¬ 
tative  comparison  also  indicates  the  specific  character  of  each  of  the  NMR  methods.  In  the  given  case  it  will 
probably  be  manifested  in  the  fact  that  the  relaxation  time  is  more  sensitive  to  the  paramagnetism  of  the  ion 
and  its  state,  whereas  the  value  of  the  chemical  shift  is  more  closely  connected  with  the  electron  density  distri¬ 
bution  near  a  resonating  nucleus.  On  the  basis  of  this  situation  we  are  justified  in  calling  Aj^  the  molar  relaxa¬ 
tion  shift  in  analogy  with  6  m- 

Using  data  of  the  table  and  Fig.  3,  one  may  calculate  that  effective  moment  which  must  be  ascribed  to 
the  ion  in  the  complex  Me  (H20)*^  as  a  result  of  the  appearance  of  a  covalent  bond.  Its  values(/Jjq)  for  zinc, 
cadmium,  and  mercury  are  as  follows: 

Ion  Mc*+  4;y  (±0.5)-«0-*, 

Bohr  magnetons 
/n2+  3,2 

('.(|2+  1,9 

llg2+  G,5 

The  calculation  is  p)erformed  by  the  usual  method,  according  to  Kozyrev  and  Rivkind  [1].  The  magnetic  mo¬ 
ment  of  the  Mn^^  ion  is  taken  to  be  5.90  Bohr  magnetons.  Obviously,  values  of  Pfj,  together  with  those  of  Aj^, 
can  be  used  as  a  quantitative  characteristic  of  the  ion-water  molecule  bond.  They  may,  possibly,  give  even 
more  general  information  on  the  given  ion.  ^ 

•  It  would  naturally  be  assumed  that  a  Is  -type  shell  is  more  subject  to  excitation  on  interaction  with  electrons 
of  the  oxygen  in  the  water,  than  an  n(s*p®)-type.  The  fact  that  the  value  of  Aj^  for  Be(N03)2  in  Fig.  3  oc¬ 
cupies  a  rather  special  |x>sition  is  understandable  from  this  point  of  view;  i.e.,  this,  evidently,  also  indicates 
the  covalent  character  of  the  interaction  of  Be^  with  water. 
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The  fact  that  1/Tj  for  solution  protons  is  affected  by  the  covalent  bonds  of  Me  (112^^)^^  complexes 
evidently  may  be  important  for  understanding  the  structure  of  these  compounds.  Since  the  proton  relaxation 
time  in  solutions  of  paramagnetic  ions  is  very  sensitive  to  the  length  of  the  ion  — water  bond,  it  may  be  assumed 
even  on  the  basis  of  existing  results,  that  the  packing  of  water  molecules  (more  precisely,  oxygen  atoms)  around 
the  Me**  ion  is  very  far  from  dense,  since  the  latter  case  would  evidently  exclude  observation  of  all  effects,  al¬ 
together,  Actually  the  results  of  dense  packing  would  be  a  considerable  increase  in  the  effective  ionic  radii,  and 
"screening"  of  the  paramagnetism  induced  by  the  covalent  bond. 

The  authors  sincerely  thank  O.Ya,  Samoilov  and  Yu.V.  Gurikov  for  an  interesting  discussion  and  valuable 
advice. 

SUMMARY 

1.  The  proton  relaxation  time  in  aqueous  solutioas  of  nitrates  of  elements  in  the  second  group  of  the 
Periodic  System  was  measured,  and  it  was  found  that  such  solutions  have  a  shorter  relaxation  time  Ti  than  water. 

2.  The  observed  phenomenon  Is  probably  due  to  inner  hydration  of  the  ions,  as  a  result  of  which  the  cor¬ 
relation  time  of  dipole  interaction  of  protons  in  the  solution  changes.  Therefore  a  hypothesis  is  advanced  on 
the  relation  between  the  ratios  of  correlation  times  of  protons  situated  near  an  ion  in  the  solution  and  those  in 
water  itself  and  the  ratios  r^/r  ,  which  characterize  the  inner  hydration  of  the  ions. 

3.  On  the  basis  of  the  difference  found  in  the  functionalities  of  values  of  the  molar  relaxation  shift  Aj^ 
of  the  A-  and  B-subgroup  ions  investigated,  with  respect  to  their  radii,  it  is  suggested  that  in  the  case  of  B-sub- 
groiip  ions  the  ion  — water  bond  is  covalent;  this  promotes  an  increase  in  the  effect  of  these  ions  on  Tj. 
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A  study  is  made  of  the  relation  of  AE^  to  the  vibration  frequencies  of  the  water  molecules  in  the 
equilibrium  positions  closest  to  ions  in  aqueous  solutions  of  electrolytes.  The  frequencies  and, 
hence,  the  jjj  increase  with  AEj. 


Quantities  AEj  are  used  [1,  2]  to  specify  the  effects  of  ions  in  aqueous  solutions  on  the  translational  motion 
of  nearby  water  molecules,  these  quantities  being  the  changes  induced  by  the  ions  in  the  potential  barrier  relative 
to  the  height  E  of  that  barrier,  which  separates  adjacent  equilibrium  positions  for  the  water  molecules.  The  AEj 
are  important  parameters  describing  the  immediate  environment  of  the  ions.  They  are  a  measure  of  the  strength 
of  the  bonds  to  the  nearest  water  molecules;  those  strengths  are  the  main  factors  controlling  the  frequency  of  the 
exchange  with  other  water  molecules. 

The  mean  number  of  activated  jumps  per  sec  in  water  is 

/  = 

so  the  mean  number  of  those  jumps  from  the  immediate  neighborhood  of  an  ion  is 

/l  —  /otf- 

The  joj  are  of  interest,  in  particular,as  regards  their  relation  to  AEj.  This  topic  has  not  been  dealt  with  before. 
We  know  [1,  3]  that  the  preexponential  factor  for  the  above  process  in  a  liquid  is 

/o=  2A'v, 

in  which  v  is  the  mean  frequency  of  oscillation  about  the  equilibrium  position  and  K  is  some  factor  that  takes 
account  of  (for  example)  the  fact  that  the  particle  does  not  traverse  the  barrier  every  time  it  approaches  the 
barrier  with  an  energy  greater  than  E  (that  factor  K  also  incorporates  a  steric  factor  dependent  on  the  shape  of 
the  particle).  We  may  assume  that  K  is  constant  for  a  given  kind  of  particle  (e.g.,  H2Q^®):  then  jo  is  proportional 
to  V  . 


There  are  many  papers  on  the  effects  of  ions  on  the  intramolecular  vibrations  of  the  H2O  molecule  [4]. 
Here  we  consider  the  vibrations  of  the  molecule  as  a  whole,  the  vibrations  of  the  main  interest  being  of  course 
those  that  can  result  in  exchange  between  molecules. 


32 


Values  of  AEj  and  Jq/ joi  for  Some  Simple  Ions  at  25"C 


Ion 

1 

Li+ 

Na+  j 

K  + 

Cs*- 

Cl- 

Hr- 

I  - 

1  Mk*+ 

Ca*> 

Afc'j  ,kcal/moIe 
lolini 

0,73 

0,42 

0,25 

0,79 

—0,25 

1,47 

—0,33 

1,20 

-0,27 

1,20 

-0,29 

1,27 

—0,32 

1,29 

2,01 

0,017 

0,45 

0,57 

There  are  many  papers  on  the  effects  of  ions  on  the  intramolecular  vibrations  of  the  HjO  molecule  [41. 

Here  we  consider  the  vibrations  of  the  molecule  as  a  whole,  the  vibrations  of  the  main  interest  being  of  course 
those  that  can  result  in  exchange  between  molecules. 

The  frequency  of  the  oscillation  about  an  equilibrium  position  is  related  to  the  slope  of  the  curve  repre¬ 
senting  the  interaction  energy  as  a  function  of  distance  between  particles.  The  larger  the  slope,  the  larger  v . 

A  displacement  x  (measured  from  the  equilibrium  position)  results  in  a  restoring  force  f=  -  kx  (if  the  oscillations 
are  harmonic).  But  f=  -  dU/dx,  in  which  U  is  the  potential  energy.  Then  k  increases  with  dU/dx.  But  i;  =  (l/2 ir) 
'f  k/m  ,  in  which  m  is  the  mass  of  a  particle.  The  frequency  increases  with  k  and  so  with  the  slope  of  the 
energy  curve. 

There  are  many  papers  on  the  relation  between  AEj  and  the  slope  of  the  energy  curve  [1,  2,  5];  AEj  in¬ 
creases  with  that  slope.  If  the  slope  for  the  interaction  between  the  ion  and  a  water  molecule  is  larger  than  the 
slope  for  the  interaction  between  two  water  molecules,  we  have  AEj>  0.  In  the  convex  case  we  have  AEj<  0 
(negative  hydration).  Finally,  AEj=0,  if  the  two  slopes  are  equal. 

These  relations  can  give  us  the  oscillation  frequency,  and  hence  Joj,  as  a  function  of  AEj  (clearly,  joi=  Jo 
if  AEi=0: 


/oi  ^  /o>  if  A/Sj  ^  0, 


and 


/ni  /o*  ATtj  <C  H. 


(1) 


This  result  is  to  be  compared  with  experimental  results.  An  equation  that  has  been  given  [6]  is 
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/o 

f'oi 


(2) 


in  which  fi'i  and  p’are  the  surface  der  ities  of  the  arrays  formed  by  water  molecules  respectively  in  the  first  co¬ 
ordination  layer  and  in  water  itself. 


Pi  = - :randp  = - , 


in  which  nj  and  Rj  are  the  coordination  number  and  radius  of  the  first  coordination  sphere  of  an  ion,  n  and  Rq 
being  the  corresponding  quantities  for  a  water  molecule  in  water.  We  have  p’  =  0.044  A'*  at  25*C  [1].  Then 
(2)  gives  us 


hi  ?' 


We  calculated  jo/joi  by  means  of  the  pj  and  AEj  previously  given  in  [1].  The  table  gives  these  results. 


We  see  that  for  AEj  >  0(Mg^^,  Ca*'*',  Ll^,  Na"*^),  we  have  that  jo/jol  <  1  and  for  AEj  <  0(K^,  Cs^,  Cl”, 
Br".  I"),  that  jo/jol  >  1.  that(l)  is  correct. 

Let  Tj  be  the  mean  time  a  molecule  spends  in  an  equilibrium  position  closest  to  the  ion,  and  let  r  be  that 
time  for  an  equilibrium  position  in  water.  Then 

_  ulL 

T  To  '  ’ 

in  which  roi  is  equal  (roughly)  to  half  the  period  of  oscillation  in  an  equilibrium  position  closest  to  the  ion,  and 
To  is  the  corresponding  quantity  for  water.  If  we  assume  that  roi=ro,  we  have 

This  equation  is  applicable  near  the  transition  between  positive  and  negative  hydration.  Now 

'^iii _ la 

To  /oi 


if  A/!:i<0. 

T 
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The  classical  studies  of  the  1930's  formed  the  first  chapter  in  the  chemical  crystallography  of 
the  silicates,  which  deals  mainly  with  silicates  containing  small  cations  (Mg,  Fe,  Al).  The 
second  chapter  is  derived  from  studies  made  on  silicates  containing  large  cations.  The  cations 
play  the  decisive  part,  not  the  silicon-oxygen  radicals;  the  latter  form  strong  but  flexible  ele¬ 
ments  of  the  structure,  whereas  the  former  determine  the  sizes  taken  by  the  octahedra;  the 
flexible  elements  adapt  themselves  to  the  rigid  structure  formed  by  the  octahedra.  The  edges 
of  the  octahedra  formed  by  large  cations  (Ca,  Na)  are  comparable  in  length  with  the  Si207 
groups  characteristic  of  this  second  class  of  silicates. 

Here  we  consider  from  a  single  point  of  view,  the  struaures  of  glass  and  of  silicates  con¬ 
taining  Zr,  Ti,  Ta,  Nb,  Mn,  and  TR. 


The  chemical  crystallography  of  silicates  is  a  subject  that  developed  rather  late  in  the  USSR.  It  is  true 
that  we  can  point  to  WulfPs  very  early  predictions  about  the  structure  of  mica,  which  were  made  in  the  early 
1920's,  but  this  is  an  isolated  feature.  These  predictions  were  very  penetrating,  being  based  on  the  epitaxis  of 
K1  on  mica,  but  they  were  to  some  extent  accidental,  for  they  had  no  solid  basis  in  experiment,  as  indeed  they 
could  not  have  had  at  that  time. 

The  start  of  Soviet  chemical  crystallography  may  be  dated  to  1934-5,  when  Ferman  proposed  that  we 
should  produce  a  Russian  translation  of  Ilassel's  Chemical  Crystallography  (which  had  a  large  section  on  silicates), 
and  directly  afterwards  there  appeared  the  third  volume  'The  Basic  Principles  of  Geochemistry',  which  contained 
sections  such  as  Bragg’s  and  Schiebold's 'Structure  of  the  Silicates'.  Again,  in  1935,  Bernal  presented  (in  Leningrad 
and  Moscow )a  series  of  lectures  on  chemical  crystallography,  in  which  he  devoted  much  attention  to  silicates. 

A  still  more  important  event  was  Bernal's  personal  participation  in  the  first  complete  structure  study  of  a  sili¬ 
cate  (catapleiite)  in  the  USSR  (1935-6),  which  was  performed  in  the  x-ray  section  of  the  Laboratory  of  Crystal¬ 
lography,  Academy  of  Sciences  of  the  USSR,  by  the  creator  and  first  head  of  that  laboratory,  Brunovskii  [1]. 

Further  progress  here  and  abroad  was  slow,  the  reasons  being  many.  Firstly,  it  was  believed  (quite  without 
foundation)  that  the  chemistry  of  the  silicates  is  governed  by  a  minimum  number  of  principles  (although  those 
minerals  make  up  95%  of  the  Earth's  crust),  and  that  the  very  small  number  of  silicon -oxygen  radicals  had  been 
established  once  and  for  always  in  Bragg's  laboratory  at  Manchester  in  1926-1931;  those  radicals  had  been  stand¬ 
ardized  in  his  book  of  1930-1.  Further,  it  was  considered  that  the  only  supplements  needed  were  Pauling's 
structures  for  silicates  such  as  mica,  the  chlorites,  etc.  The  remaining  tasks  appeared  to  be  only  to  assign  new 
silicates  to  the  Bragg- Pauling  classes.  Catapleiite,  Na2ZrSi309  •  2H2O  appeared  to  be  an  example  of  this;  it 
was  the  second  silicate  having  [Si309]  rings,  which  appeared  also  in  Bragg's  system  in  bentonite  BaTiSi809.  Today 
it  may  cause  surprise  to  learn  that  Bragg  and  Pauling’s  structures  are  still  retained  as  standards  and  are  reproduced 
after  25  years  without  changes  of  any  kind  in  courses  on  chemical  crystallography  and  mineralogy  [see,  for 
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example,  Winkler's  "Chemical  Crystallography"  (2nd  edition,  1957)  and  Strunz's  "Mineralogical  Tables"(also 
1957)].  None  the  less,  some  few  silicates  that  have  been  studied  since  that  time  can  be  fitted  adequately  to 
those  structures;  for  example,  the  structure  of  dioptase  CuefS^Pig]*  6H2O  which  has  been  elucidated  in  the 
x-ray  laboratory  of  the  lastitute  of  Crystallography,  is  an  example  of  a  silicate  with  a  sixfold  silicon -oxygen 
ring  [2];  and  ramsayite  NajTijSijO^  (same  laboratory),  which  is  another  example  of  pyroxene-type 
[SiOg]^  rings  [3],  but  with  the  essential  difference  that  the  formula  is  that  of  an  orthosilicate  (0;Si  =  4.5:1). 
not  that  of  a  metasilicate.  A  more  surprising  discovery  was  that  of  a  new  form  of  silicon-oxygen  ring  in  mil- 
arite  (same  laboratory  [4]);  the  ring  again  is  sixfold,  but  this  time  has  two  layers,  the  formula  being [Sij203o]. 
This  was  then  the  sole  example  of  a  doubled  form  of  the  ring  found  in  beryl,  and  was  all  the  more  surprising, 
because  milarite  is  a  beryllium  mineral  with  a  related  formula: 

Beryl  (Ho)  n‘‘;,Al2  ISisOigl, 

Milarite  K no2Al(’a2(Sii202oI*. 

Further  progress  was  slow,  on  account  of  technical  difficulties;  the  simpler  objects  had  been  exhausted, 
and  there  remained  only  complex  structures  with  20  or  30  parameters  or  more;  such  structures  could  not  be 
solved  by  means  then  available.  A  major  breakthrough  occurred  in  1952,  when  new  direct  methods  were  de¬ 
veloped  abroad  and  subsequently  (in  the  main)  here.  These  gave  solutions  even  when  the  number  of  unknowns 
was  large,  the  sole  condition  (hardly  a  serious  restriction)  being  that  the  number  of  atoms  in  the  unit  cell  mast 
be  less  than  80-100.  These  new  methods  differ  from  the  classical  ones  in  that  they  work  best  when  the  sym¬ 
metry  is  low,  and  best  of  all  for  the  monoclinic  system,  to  which  most  minerals  (in  particular  silicates)  belong. 
Methods  of  calculation  had  become  very  complicated,  but  these  were  found  to  be  adaptable  to  machines.  A 
very  important  feature  was  that  the  Institute  of  Crystallography  was  able  to  organize  a  training  scheme  at  Gor*- 
kii  University,  which  provided  a  staff  for  the  laboratories.  The  result  was  that  a  stream  of  papers  began  to  appear 
from  1953  onwards  from  the  Moscow  laboratories  and  from  the  closely  associated  Gor’kii  and  Baku  worken; 
iliese  dealt  with  many  silicate  structures  (ilvaite  CaFe*'*  Fe**2Si2080H  [5],  epidote  [6],  0-zoisite  [7], 

CajAlgFeSigOijOH  cuspidine  Ca4  [81207 jFg  [8],  xonotlite  Ca®  [84017]  (OH)2  [9],  wollastonite  Ca8i03 

[10|,  gadolinitc  Fe*'Y2Be20^8i208  [11],  seidozerite  Na2  (Mno^6Tio.75Z'ro.75)Si207F2  [12],  lovenite 

(  Na,  Ca,  Mn)  3(Zr,  Ti)  8i208F2  [13],  lovozerite  NagZiS^Ojs*  3H2O  [14],  epididymite  NaBe8i307(0H) 

[15],  rhodonite  Mn8i03  [16],  and  hillebrandite  2CaO •  8 iOg •  HgO  [17])  and  provided  material  for  a  recon¬ 
sideration  of  the  chemical  crystallography  of  the  silicates. 

8ix  of  the  above  structures  correspond  to  the  orthosilicate  formula  but  have  [8407]  as  their  silicon-oxygen 
radical,  which  was  almost  entirely  neglected  in  the  classical  treatment  of  1930-53.  The  binuclear  8407  group 
is  prominent  in  chains,  strips,  grids,  and  rings  in  all  of  the  others;  these  chains  etc.  differ  very  greatly  from 
the  classical  (Bragg)  ones.  The  milarite  ring  may  be  interpreted  as  made  up  of  six  8407:68407-6  •  20=  8 ii20so. 

Almost  all  of  these  minerals  are  either  pure  Ca  silicates  or  are  silicates  containing  (apart  from  Ca  and 
Na,  which  are  always  present)  Zr,  Ti,  Nb,  Ta,  Mn,  TR,  and  other  "heat-resisting"  elements.  The  conclusion 
was  that  the  large  cations  have  caased  the  building  unit  to  become  8407  instead  of  the  8i04  of  the  Bragg  sili¬ 
cates,  in  which  the  main  cations  are  Mg,  Fe,  and  A1  (all  small).  These  purely  structural  features  gave  rise  to 
the  at-first-sight  paradoxical  conclusion  that  the  cations  (not  silica  or  silicon-oxygen  radicals)  form  the  basis  of 
the  silicates  (usually  the  cations  are  simply  inserted  in  rods  made  up  of  oxygen  octahedra),  the  silicon -oxygen 
radicals  being  fitted  around  those  basic  units.  8ilica,  which  is  chemically  very  inactive,  appears  just  as  inert 
in  crystal  structures.  The  silicon-oxygen  chains,  strips,  grids,  and  even  rings  are  strong  but  are  not  rigid.  They 
are  readily  deformed  and  are  adaptable  to  the  conditions  produced  by  the  cations.  It  was  mentioned  previously 
that  dioptase  contains  sixfold  silicon-oxygen  rings,  which  are  a  basic  feature  of  beryl.  This  is  not  exactly  so; 
for  the  [54023]  ring  in  beryl  has  the  maximum  symmetry  (a  sixfold  axis  and  a  mirror  plane),  whereas  three  of 
the  six  tetrahedra  in  dioptase  are  displaced  upwards  and  the  other  three  downwards.  The  reason  is  that  the  nu¬ 
cleus  of  the  structure  of  Cug[840i8]’  6140  is  a  ring  (as  it  were,  taken  from  ice)  consisting  of  six  H2O 
having  the  characteristic  rhombohedral  symmetry  (see  [18]).  This  feature  is  sufficiently  marked  to  dominate 
the  sixfold  silicon -oxygen  rings  of  dioptase. 


•  Later  [25]  it  became  apparent  that  the  milarite  rings  are  basic  structures,  which  have  become  famous  as 
molecular  sieves. 
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Fig.  1.  The  basic  types  of  silicon -oxygen  chain 
and  strip  (doubled  chain)  in  the  first  and  second 
chapters  of  the  chemical  crystallography  of  the 
silicates:  a)  and  b)  period  one  Si  tetrahedron 
(CuGe03  chain  and  sillimanite  strip);  c)  and  d) 
period  two  Si  tetrahedra  (pyroxene  chain  and 
amphibole  strip);  e)  and  f)  period  three  (2+  1) 

Si  tetrahedra  (wollastonite  chain  and  xonotlite 
strip). 
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Fig.  2.  Relation  between  the  shapes  of  [SiOs]*, 
metasilicate  chains  and  the  structures  of  the  cor¬ 
responding  columns  of  cation  octahedra:  a)  in 
pyroxenes;  b)  in  pyroxenoids  (wollastonite);  c)  in 
rhodonite. 

The  best  illustration  of  this  feature  of  silica  (and 
of  the  radicals  based  on  it)  is  fused  silica  (quartz  glass), 
which  has  a  minute  thermal -expansion  coefficicent; 
whereas  almost  all  of  the  thermal  expansion  of  any  glass 
is  made  up  of  the  contributions  from  the  large  cations 
to  the  complete  exclusion  of  the  Si. 


After  25  years,  the  classical  (Bragg)  treatment 
appears  only  as  the  first  chapter  in  the  subject,  and  that  the  one  dealing  with  the  relative  small  cations  Mg,  Fe, 
and  Al,  which  produce  around  themselves  octahedra  whose  edges  are  comparable  (Goldschmidt’s  term)  with  the 
edges  of  Si04  tetrahedra.  Large  cations  (primarily  Ca  and  Na)  make  the  edges  of  the  octahedra  no  longer  com¬ 
parable  with  those  of  SiO^  tetrahedra  (3.8  A  as  against  2.6  A);  the  basic  unit  becomes  Si207  (the  edge  of  the  tri¬ 
gonal  prism  in  which  that  group  is  inscribed  is  4-4.2  A  long),  and  we  pass  to  the  second  chapter  [19]. 

The  single  SiO^  tetrahedra  and  the  comparable  Mg  octahedra  may  be  arranged  quite  readUy  in  a  close- 
packed  array  (see  [18]). 


The  complex  radicals  (chains,  strips,  and  grids  of  six-membered  rings)  made  up  from  Si04  tetrahedra  do 
not  lose  this  power  to  pack  in  with  Mg  octahedra,  so  we  find  minerals  of  high  density  (>  3),  which  are  commonly 
dark  (melanocratic)  as  a  result  of  extensive  isomorphous  replacement  of  Mg  and  Al  by  small  cations  that  produce 
color  (Ti,  V,  Cr,  Mn,  Co,  Ni),  especially  Fe  in  both  states  of  oxidation.  Light  rock-forming  minerals  of  lower 
density  (<  3)  are  produced  when  the  cations  are  large,  for  the  basic  group  is  SieC^,  which  gives  rise  to  relatively 
open  radicals  (eight-membered  rings  form  a  characteristic  feature  of  these);  these  minerals  are  colorless  (leuco- 
cratic),  because  the  large  cations  are  few  (K,  Na,  Ca)  and  give  no  color  on  account  of  their  completed  outer 
octets. 


The  beryl-milarite  pair  is  an  interesting  illustration  of  this.  The  first  has  Al  cations  in  its  octahedra,  the 
second  Ca  (Al  partly  replaces  Be  in  the  tetrahedra  in  this  case).  The  Si04  groups  are  coupled  to  aluminium  nu¬ 
clei;  the  81207,  to  calcium.  Both  are  included  in  six-member  rings,  one-layer  in  beryl  and  two-layer  in  milarite. 
Beryl  is  a  dark-colored  mineral  (emerald),  whereas  milarite  is  leucocratic. 
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Fig.  3.  Various  known  forms  of  metasilicate  chain 
of  general  formula  [SiOsloo:  a)  pyroxene,  unit  [81205]; 
b)  pyroxenoid,  [SisOg];  c)  rhodonite,  [SigOis];  d)  py- 
roxomangite,  [S^C^]. 


Fig.  4.  Arrangement  of  the  Mn”  ions  in  rhodonite. 
The  central  three  in  each  set  of  nine  Mn"  ions  is 
gripped  between  the  three  in  front  and  the  three  be¬ 
hind.  (Unit  cell,  bx  c). 

octahedra  to  another,  results  in  a  five-membered  unit 


Figure  Ic  and  d,  shows  the  silicon-oxygen  chain 
and  strip  (double  chain)  that  appear  in  Bragg’s  system. 
Nowadays,  we  recognise  far  more  than  these  six,  and 
the  ones  shown  at  e  and  £  are  the  most  typical  of  the 
second  chapter,  in  which  the  Na  and  Ca  silicates  pre¬ 
dominate. 

We  should  not  be  too  strict  in  setting  the  new 
silicon -oxygen  radicals  in  opposition  to  the  old  ones, 
for  Fig.  le  shows  that  the  [SiOs]  [81309]  ^ 
wollastonite  chain  contains  clearly  visible  81207  groups 
joined  together  by  single  810^  tetrahedra.  The  reason 
may  be  found  in  the  lengths  quoted  above;  the  height 
of  an  81207  group  (the  edge  of  the  prism  circumscribing 
the  group)  is  4.0-4.2  A,  which  is  longer  than  the  edge 
of  a  Ca  octahedron  (3. 7-3.8  A);  in  this  respect  the 
prism  has  to  shorten  one  edge  and  lengthen  another 
when  it  links  up  with  the  Ca  octahedron,  which  makes 
it  possible  to  couple  81207  groups  via  a  single  8104 
tetrahedron,  as  shown  in  Fig.  2b  (another  cause  of  the 
distortion  is  that  the  8i-0-8i  angle  has  to  deviate  from 
180*  and  approach  109“  -  see  below).  While  the  Mg 
metasUicates  (pyroxenites)  require  two  8i  tetrahedra  to 
two  octahedra,  the  Ca  metasilicates  require  three  8i 
tetrahedra  to  match  the  height  of  two  Ca  octahedra. 

8till  more  complex  single  metasilicate  chains 
can  be  based  on  [8103)00  e.g.,  as  in  Fig.  3a-d.  Let 

us  consider  the  chain  whose  link  contains  five  8i  tet¬ 
rahedra  in  some  detail.  Each  81307  section  has  on  one 
side  another  81307  section  and  on  the  other  an  8104 
tetrahedron.  This  chain  occurs  in  Mn8i03  (rhodonite) 
and  is  produced  by  the  cation  pattern,  which  consists 
of  octahedra  and  which  is  somewhat  unusual,  presum¬ 
ably  on  account  of  some  feature  of  the  Mn"  ion.  All 
the  columns  of  Mn  octahedra  are  only  nine  units  in 
length,  the  infinite  pattern  being  produced  by  the  means 
indicated  in  Fig.  4  and  detailed  in  Fig.  5  (after 
Mamedov).  The  silicon-oxygen  radical  adapts  itself 
to  that  pattern  and,  by  transferring  from  one  set  of  nine 
[81^15],  as  shown  in  Fig.  2c  * 


Figure  6  shows  the  silicon- oxygen  grids  of  the  second  chapter;  the  most  characteristic  element  is  the  eight- 
cornered  ring  (each  consisting  of  four  81267  groups),  which  differs  from  the  six-cornered  rings  typical  of  kaolin, 
mica,  the  chlorites,  and  other  such  silicates.  Hexagons  can  fill  an  unbounded  plane  completely,  whereas  oc¬ 
tagons  cannot;  the  latter  alternate  with  quadrilaterals  and  pentagons,  a  feature  that  is  characteristic  of  the  second 
chapter  [20]. 

In  Fig.  7  a  tobermorite  grid  of  the  8i  tetrahedron  is  represented,  which  is  particularly  characteristic  for  the 
second  chapter  of  crystal-chemistry  of  silicates;  it  is  "pleated "'with  a  disposition  of  the  8i  tetrahedrons  on  two 
levels,  that  results  in  a  relation  of  the  number  of  its  eight-cornered  rings  to  the  six-cornered  and  four-cornered 
ones  of  3:1:1  [21]. 

•All  single  chains,  no  matter  what  the  number  of  tetrahedra  in  a  link,  have  the  formula  [8  ip  Osnloo  =  [8163]  „ 
but  various  formulas  are  obtained  when  the  chains  are  combined;  if  the  rings  have  four  members  (and  the  links 
are  single)  we  have  28103-0  =  81205;  if  six  (two  units  in  a  link),  48103-0  =  8140^ ;  if  eight  (three 
units  in  a  link),  68103-0  =  815037. 
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A  point  here  (which  became  apparent  some  while  ago)  Ls  that  apophyllite  (tetragonal  mica)  and  the  feld¬ 
spars  contain  eight -membered  rings  alternating  with  four-membered  ones.  The  latter  minerals  make  upeo^f  of 
the  Earth’s  crust,  and  it  is  of  some  value  to  consider  how  these  are  formed  in  the  light  of  the  two  chapters.  We 
have  stated  [22]  that  nothing  is  known  about  the  sequence  in  which  natural  minerals  are  produced  from  a  magma** 
except  that  we  know  the  melting  points  of  the  simplest  oxides,  so  we  must  proceed  as  follows.  The  first  to  be 
deposited  must  be  MgO  and  CaO  as  having  the  highest  melting  points  (2800  and  2580*C  respectively).  These 
crystallize  independently,  because  their  oxygen  octahedra  (in  periclase  and  lime)  are  not  comparable  in  size. 

As  the  temperature  falls,  silica  combines  in  steadily  increasing  amounts  with  the  primary  MgO  and  CaO,  but 
the  forms  taken  are  different,  because  the  dimensions  must  be  compatible;  the  Mg  minerals  contain  single  Si04 
tetrahedra  (olivines)  and  the  Ca  ones  Si207  (Ca  feldspar  -  anorthite).  The  original  Si04  and  81207  groups  con¬ 
dense  resjjectively  into  the  radicals  of  the  first  and  second  chapters  as  the  proportion  of  SiO^  in  the  solid  in¬ 
creases.  This  principle  applies  to  the  entire  course  of  crystallization  of  the  main  rock-forming  minerals;  the 
process  is  described  by  Bowen’s  scheme,  in  which  the  left  (Mg,  Fe)  branch  contains  the  minerals  of  the  first 
chapter  and  the  right  (Ca-Na)  contains  those  of  the  second  chapter*: 


Olivine 
(Mg,  Fc)2Si04 

Orthorhombk:  pyroxene 
(Mg.  Fc)  SiOs 
i 

Monoclinic  pyroxene 
CaMgSioOe 
i 

Amphiboles 
f 'fl2Mg5Si8022  (011)2 
J 

Biotite 

KMgsAlSisOio  (011)2 


Quartz 

Si02 

I 


Anorthite 
t'a  A 1281008 


1 

Albite 

iNo.MSiaOg 

I 

Orthoclase 
K  AlSisOg 


The  feldspar  sequence  on  the  right  is  CaAl2Si208  ->NaAlSi308.  The  silica  is  so  inert  that  it  needs 

the  help  of  alumina  to  enter  the  lattice  in  the  first  stage  (anorthite  contains  SiA107  groups  instead  of  81207); 
albite  contains  more  8i,  but  8iO^  appxiars  as  an  indepx:ndent  mineral  (quartz)  only  in  the  low-temp>erature  stage. 


Two  further  features  of  the  silicon-oxygen  radicals  may  be  mentioned  in  order  to  illustrate  the  extreme 
inertness  of  silica  and  the  tendency  for  it  to  adapt  itself  to  the  setting  governed  by  the  cations.  It  is  very  com¬ 
mon  in  the  chemistry  of  glass,  cement,  and  ceramics  to  sp)eak  of  platelet  structures,  of  silicon-oxygen  grids, 
and  of  angular  fragments.  X-ray andelectron-microscopie  studies  have  shown  that  the  platey  minerals  in  which 
a  layer  of  cations  in  their  octahedra  is  armor-plated  by  a  flat  network  of  silicon  and  oxygen  atoms  on  one  side 
only  (as  in  A1  halloysite  and  Mg  chrysotile)  are  normally  coiled  into  spiral  tubes  each  nine  or  ten  layers  thick. 
The  grid  structures  are  still  thinner  in  silicate  masses,  and  so  are  even  more  capable  of  being  deformed  into 
tubes,  etc. 


*  We  have  a  useful  low -tern pterature  model  of  this  process  in  the  Ca  hydrosilicates.  If  the  material  is  very  basic, 
we  get  layered  portlandite  (brucite  type)  Ca(OH)2  deposited,  in  which  a  layer  of  fully  populated  Ca  octahedra 

Ls  followed  by  a  layer  of  empty  ones  and  so  on.  Between  these  layers  there  appear  xonotlite  chains  as  the  basi¬ 
city  decreases;  at  first  the  number  of  empty  layers  between  the  Ca(OH)2  ones  greatly  exceeds  the  number  of 
xonotlite  chains,  but  eventually  the  1: 1  ratio  of  hillebrandite  is  reached  [17],  whose  structure  may  be  repre¬ 
sented  in  the  form: 

*  ’The  composition  usually  assumed  is  50*70  o.  237®  8i,  9^o  Al,  and  37®  Mg.  Fe,  Ca,  Na,  K,  etc. 
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Fig.  5.  Combination  of  sets  of  nine  Mn“  octahedra  one 
with  another  and  with  similar  sets  in  the  next  lower  level 
of  rhodonite. 


The  Si  ions  adapt  themselves  to  the  tendency 
of  the  O  ions  to  produce  by  themselves  tetrahedral 
angles  of  109“.  In  quartz  we  find  a  compromise 
Si-O-Si  angle  of  about  150“  (i.e.,  between  109  and 
180“),  The  diorthosilicates  contain  SijOY,  which  is 
to  be  inscribed  in  a  trigonal  prism  instead  of  into 
a  centrosymmetric  octahedron,  which  might  appear 
more  suitable  to  pack  in  with  the  cation  octahedra; 
the  central  O  atom  of  Si207  is  in  the  equatorial 
plane  of  symmetry  in  the  prism;  it  may  be  displaced 
to  produce  a  compromise  Si-O-Si  angle  without  the 
prism  losing  its  symmetry  plane. 


Thus,  the  main  form  in  which  silica  Is  found  in  the  ordinary  Ca-Na  glasses  is  as  Si2C)7  groups,  which  con 
dense  further  into  broken  chains  of  random  length,  and  into  the  other  structures  characteristic  of  the  second 
chapter.  This  Is  why  the  crystalline  pliase  (surface  layer)  extracted  from  glass  is  commonly  composed  of  cry- 
stobalite  and  tridymite,  whose  structures  most  clearly  demonstrate  the  presence  of  Si207. 


Sometimes  the  silicon-oxygen  radicals  adapt  themselves  to  the  two  main  kinds  of  cation  simultaneously. 

In  epidote  Ca2Al2FeSi30i2(OH)  we  have  columns  of  A1  oaahedra  along  c  and  columns  (not  so  straight)  of 
seven-cornered  Ca  figures  (semioctahedron  with  a  half-prism)  along  a;  the  expanded  formula  of  the  mineral  is 
CaAl2FeO  [Si04][S^07l(0H),  which  contains  ortho  groups  and  diortho  groups.  The  first  are  connected  only 
to  the  columns  of  A1  octahedra  and  the  second  to  the  Ca  polyhedra,  but  only  along  the  axes  of  the  0381-0-8103 
groups.  The  short  edges  (the  edges  of  the  bases  of  the  8i  tetrahedra  in  the  81307)  are  coupled  also  to  the  A1 
octahedra  without  injury  to  the  essential  compatibility  in  size.  Ilvaite  (the  first  diorthosilicate  with  the  standard 
formula  we  succeeded  in  elucidating)  has  Ca2Fe“’Fe2*‘Si20g0H=  CaFe**'Fe2**  0pi207]  OH,  in  which  both 
functions  are  performed  (there  are  columns  of  Fe  octahedra  and  of  Ca  polyhedra);  a  single  8^07  group  performs 
both  functions  with  different  0-0  edges  (short  and  long). 


Fig.  6.  8ingle-layer  silicon-oxygen  networks  of  the  second  chapter  a)  apo- 
phyllite;  b)  okenite. 


The  role  of  Na  as  an  agent  for  stretching  the  81307  groups  appears  very  clearly  in  the  synthesis  of  quartz, 
a  mineral  that  grows  very  readily  in  nature,  but  which  proved  difficult  to  grow  in  the  laboratory  until  solutions 
of  sodium  carbonate  were  used  to  provide  Na  cations  to  extract  the  8i  from  the  raw  material  and  transfer  it  to 
the  seed  in  the  best  (extended)  form. 

Any  treatment  of  the  processes  in  silicate  masses,  ceramics,  glasses,  and  cements  must  take  account  of  the 
fact  that  the  main  form  factor  arises  from  the  rods,  layers,  and  plates  of  Mg(Ti)  and  A1  octahedra  in  ceramics 
(mullite),  of  Ca  octahedra  in  cements,  and  of  Ca  and  Na  octahedra  in  glasses.  These  columns  and  layers  are 
characteristic  of  most  of  the  structures  in  the  second  chapter;  to  them  are  fitted  the  strong  but  flexible  silicon- 
oxygen  radicals.  A  very  notable  feature  is  provided  by  the  thermal -expansion  coefficients  of  glasses,  which  (see 
[23])  arc  entirely  determined  by  the  cations  and  scarcely  depend  at  all  on  the  8103  content. 
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Fig  7.  Two-layer  tobermorite  grid:  a)  projection 
taken  along  xonotlite  strips  fused  into  a  grid;  b) 
mechanism  of  folding  (mutual  superposition  of 
xonotlite  rings). 


The  structure  of  the  minerals  listed  in  the  early  part 
of  this  paper  form  the  main  experimental  basis  of  this  sec¬ 
ond  chapter  in  the  chemical  crystallography  of  the  silicates; 
the  minerals  are  of  two  types,  namely  the  Ca  hydrosUicates 
of  cement  and  the  alkali  silicates  containing  element  such 
as  Zr,  Ti,  Nb.  Ta,  Mn,  and  TR,  which  have  presented  us 
with  two  principal  problems.  It  appears  that  all  of  these 
structures  are  govered  by  the  same  laws  as  regards  the  cation 
rods  and  the  silicon-oxygen  radicals  (the  latter  controlled 
by  the  former),  in  which  case  the  problems  become  very 
similar,  if  not  identical.  The  above  elements,  especially 
Zr,  and  also  Ti,  Nb,  and  Ta,  give  cations  that  are  not  so  big 
as  by  themselves  to  make  the  silicates  large-cation  ones, 
but  they  appear  in  fair  amounts  in  minerals  also  containing 
Ca  and  Na.  One  outstanding  success  in  the  x-ray  laboratory 
at  the  Institute  of  Crystallography  in  1969  was  Simonov’s 
demonstration  that  the  structure  of  lovenite  (Na,  Ca,  Mn)3- 
(Zr,  Ti)  [SigOy]  OF  (from  the  Kola  peninsula)  is  one  in 
which  the  silicon-oxygen  and  cation  patterns  of  the  Ca  sil¬ 
icate  cuspidine  Ca4[Si207JF2  ate  reproduced  exactly 
(the  structure  of  caspidine  was  established  by  Smirnova  in 
the  same  laboratory  in  1954).  But,  although  the  patterns 
are  the  same  in  both,  the  cation  columns  in  the  latter  are 
made  up  of  Ca  octahedra,  whereas  the  columns  in  the  former 
(which  are  precisely  analogous)  are  [13]  made  up  of  Zr  and 
Ca  octahedra;  on  the  other  hand,  in  other  (crystallograph- 
ically  distinct)  silicates  the  Ti(Fe)  octahedra  are  mixed 
with  Ca  and  Na  octahedra  (Fig.  8).  Previously  Simonov 
had  demonstrated  that  the  structure  of  seidorzerite  Na4Zr2- 
TiMn  [Si2C>7l202F2  (also  from  the  Kola  peninsula.  Fig. 

9)  contaias  three  crystallographically  distinct  kinds  of  col¬ 
umns:  in  the  first  kind  there  are  Zr  octahedra  with  Na 
octahedra;  in  the  second,  Ti  and  Na;  and  in  the  third,  Mn 
and  Na.  In  each  column  octahedra  responsible  fo'  color 
(Zr,  Ti,  Mn)  alternate  with  colorless  Na  octahedra  [121. 

The  discovery  of  this  feature  resolves  a  number  of  problems 
in  silicate  chemistry,  including  problems  concerned  with 
the  varieties  of  silicon- oxygen  radicals  and  with  the  forms 
taken  by  those  radicals,  and  also  problems  related  to  the 
nature  of  the  titanosilicic  and  zirconosilicic  acids  that 
feature  so  prominently  in  the  mineralogical  literature.  It 
is  clear  from  the  examples  we  have  presented  that  these  sili¬ 
cates  are  not  Ca  or  Na  salts  of  those  acids  but  are  complex 
oxide  compounds  resembling  niobates  and  tantalates  in  the 
form  of  "polyrutiles"  :  FeNb205,  FeTa205. 


The  results  serve  as  the  basic  material  for  the  second  chapter,  and  they  have  revealed  the  basic  laws  to 
be  applied,  especially  that  this  second  class  of  silicates  is  primarily  one  having  colorless  cations  (especially  the 
Ca  silicates  and  hydrosilicates,  i.e.,  cement  minerals  and  artificial  compounds).  We  have  elucidated  the  struc¬ 
tures  of  several  such  silicates  (Mamedov's  group  has  done  most  of  the  work  on  this  topic),  produced  a  new  scheme 
for  the  successive  condeasations  of  the  new  silicon-oxygen  chains,  and  have  demonstrated  the  relations  with  the 
cement  silicates,  especially  as  regards  bonding  properties.  The  feature  responsible  for  those  properties  (for  the 
tendency  of  the  chains  to  adapt  themselves  to  different  structures)  is  that  the  chains  are  double  (we  have  called 
these  xonotlite  chains  above);  when  these  chains  break  up  (at  high  temperatures)  into  single  wollastonite  chains, 
the  bonding  projjerties  are  lost.  The  strongest  cement  compound  (tobermorite)  has  the  largest  number  of 
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Fig.  8.  The  basic  pattern  in  the  structure  Fig.  9.  The  basic  pattern  in  the  structure  of  seid- 

of  lovenite.  ozerite:  a)  xy  projection;  b)  yz  projection. 

xonotlite  configurations  (Mamedov).  There  are  many  Ca  hydrosilicates  that  form  and  decompose  during  all 
stages  of  the  preparation  and  use  of  cement,  which  gives  us  an  enormous  field  in  which  to  apply  x-ray  analysis, 
whose  results  may  easily  be  transferred  to  the  chemical  crystallography  of  glass'*  . 

An  important  feature  is  that  the  Li  silicates  appear  in  the  second  chapter,  although  they  appear  there  in 
various  ways.  Mineralogists  have  long  been  aware  of  the  analogy  between  lithium  and  manganese,  but  it  was 
unexpected  when  Simonov  [24]  demonstrated  that  the  small  Li  shows  a  resemblance  to  the  large  Ca,  in  that 
lithium  resembles  hydrogen  (its  analog  in  the  first  group  of  the  periodic  table)  in  oscillating  in  crystal  structures, 
which  behavior  makes  it  resemble  the  large  Ca;  again,  in  other  cases, Li  resembles  Si  in  the  sense  that  Li  can 
form  the  center  of  a  tetrahedron,  in  which  it  is  analogous  to  silicon  (Li  analogs  of  the  Ca  garnets);  this  in  ad¬ 
dition  to  its  resemblance  to  its  nearest  neighbors,  namely  Be  and  B. 


*  This  term  is  met  more  and  more  frequently,  and,  although  it  is  nonsense  if  taken  literally,  the  meaning  it  is 
meant  to  convey  is  clear.  The  chemistry  of  silicates  for  long  was  a  purely  empirical  subject,  in  which  only 
oxide  formulas  were  real;  in  that  respect  it  was  blot  on  the  face  of  modern  chemistry,  which  demands  that  mole¬ 
cules  and  radicals  must  be  represented  as  they  actually  are  (in  three  dimensions)  and  tliat  configurations  must  be 
represented  in  terms  of  linear  parameters  (bond  lengths)  and  angles  (valence  angles);  whereas  the  structures  of 
silicates  that  do  not  dissolve  without  decomposition  can  be  derived  only  by  means  of  x-ray  diffraction  (occasion¬ 
ally,  electron  or  neutron  diffraction)  applied  to  crystals.  Modern  ideas  on  the  processes  occurring  in  glass  are 
based  on  the  idea  that  a  fixed  chemical  crystallography  is  the  basis  of  the  elementary  silicon- oxygen  radicals 
even  for  amorphous  disordered  materials  such  as  glass;  this  is  the  reason  why  the  chemistry  of  glass  is  sometimes 
referred  to  as  being  part  of  chemical  crystallography. 

Nonsense  of  this  kind  persisted  for  a  long  time  in  the  chemistry  of  the  Ca  hydrosilicates  (cements).  The 
obstacle  to  progress  here  was  not  that  these  Ca  hydrosilicates  are  amorphous  but  that  the  crystals  are  extremely 
small  (were  too  small  for  analysis).  Progress  in  x-ray  methods  made  it  possible  to  examine  these  microcrystals, 
whereupon  the  chemical  crystallography  of  cements  became  chemical  crystallography  in  the  proper  sense  of  the 
word;  it  became  little  different  from  the  chemical  crystallography  of  silicates  having  macroscopic  crystals. 
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An  x-ray  study  has  been  made  of  epididymite  NaBeSi307(0H).  Ordinary  and  weighted  pro¬ 

jections  have  been  used  to  deduce  the  structure.  The  coordinates  of  all  Si,  Na,  O,  and  Be 
atoms  have  been  found.  The  structure  is  based  on  columns  of  Na  {XJlyhedra  having  strips  of 
composition  Si^Ojs  running  parallel;  these  strips  are  duplicated  wollastonite  chains.  The  Si^Ojg 
strips  combine  with  Be  tetrahedra  to  form  double  layers  perpendicular  to  c. 


Epididymite  is  a  rare  Na-Be  silicate  which  has  been  found  in  the  USSR  in  the  Kola  peninsula  [1].  Recent 
studies  agree  with  Gossner  and  Kraus's  finding  [2]  that  epididymite  (and  especially  the  monoclinic  form  thereof, 
eudidymite)  resembles  the  feldspars  very  considerably  (in  density  and  optics),  but  there  is  also  a  considerable 
resemblance  to  the  micas  [3],  which  appears  as  perfect  cleavage  on  (001),  tabular  habit,  and  pseudohexagonal 
behavior. 

Ito  [4]  proposed  a  structure  in  1934;  the  main  feature  was  the  [Si30g]oo  chains  (Fig.  1)  running  parallel  to 
b=  7.34  A*  .  This  was  only  a  tentative  proposal,  made  before  Patterson  methods  were  available;  the  pattern  was 
in  agreement  with  the  cell  parameters  and  with  the  symmetry,  but  there  was  no  proper  x-ray  confirmation.  The 
proposed  structure  had  many  defects;  the  Si-Si  distances  in  the  silicon-oxygen  tetrahedra  varied  from  1.11  to 
2.80  A,  and  other  unacceptable  features  were  Be-Si  and  Be-O  separations  of  0.54  and  0.72  A  respectively.  The 
Na  atom  located  at  a  center  of  symmetry  was  enclosed  (on  the  common  faces  of  the  Na  octahedron)  by  two  Si 
tetrahedra  (Fig.  2).  Wyckoff  [8]  pointed  out  that  the  structure  must  be  revised. 

We  had  available  specimens  from  Yu. A.  Pyatenko's  collection  and  also  specimens  we  collected  ourselves 
during  1958  near  Lovozero  (Kola  peninsula).  We  used  single  crystals  0. 3-0.5  mm  in  size,  all  of  which  were  in 
the  form  of  plates  or  tablets.  The  main  results  have  been  derived  from  eight  Weissenberg  photographs  on  b  and 
two  (the  zeroth  and  first)  on  a.  Good  results  were  not  obtained  on  c;  the  spots  were  irregular  in  shape,  and 
there  were  many  spots  in  excess  [both  effects  are  caused  by  the  resemblance  to  mica;  the  layers  are  displaced 
along  (001),  the  perfect  cleavage  direction]. 


•Berman  [5]  proposed  a  chain  of  this  type  for  minerals  of  the  wollastonite  group  (for  xonotlite  in  particular);  b 
is  about  7.3  A  in  nearly  every  case.  Mamedov  and  Belov  rejected  Berman's  model  on  the  basis  of  their  results 
for  xonotlite  [6]  and  wollastonite  itself  [7];  they  proposed  a  metasilicate  chain  [Si03]oo=[Si2+ lO^loo  for  woll¬ 
astonite,  this  chain  differing  only  in  the  length  of  its  links  from  the  chain  found  in  diopside.  Nevertheless,  the 
geometry  of  the  silicon-oxygen  radical  in  epididymite  is  closely  related  to  the  corresponding  feature  in  woll- 
astonite(see  below). 
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The  cell  parameters  are  a  =  12.66,  b  =  7.34,  c  =  13,48  A 
which  are  close  to  Ito's  values  [4];  they  agree  well  with  the  axial  ratios 
given  in  1894  by  Flink  [9]  if  we  double  c.  The  specific  gravity  (2.55)  im¬ 
plies  that  the  cell  contains  eight  formula  units  HNaBeSi303. 

The  space  group  is  0^^=  Pnam,  as  Zachariasen  claimed  in  1929 
[10].  Tests  for  piezoelearic  response  (made  in  the  Department  of  Crystal 
Physics  at  Moscow  State  University)  gave  negative  results,  which  pointed 
to  the  presence  of  a  center  of  symmetry,  as  did  the  intensity  statistics  [11] 
and  the  results  obtained  by  the  triplets  method  applied  to  the  Patterson 
projections  [12]. 

The  resemblance  to  mica  [10]  (c  is  a  pseudosixfold  axis)  appears  in 
the  ratio  a:  b  (which  is  almost  V 3)  and  in  the  weakness  of  the  reflections 
with  h+  k=2n+  1  in  the  xy  projection.  The  latter  feature  indicates  that  the 
lattice  is  pseudocentered  on  the  C  (=ab)  plane,  as  we  would  expect. 

The  intensities  were  estimated  visually  by  reference  to  35  calibrated 
spots.  We  used  different  radiations  (Mo  and  Cu)  to  determine  the  intensities 
for  the  zero  layer  lines,  and  then  calculated  mean  values.  The  strong  re¬ 
flections  were  corrected  by  reference  to  the  6  spots.  The  structure  ampli¬ 
tudes  were  calculated  in  the  usual  way  with  allowance  for  the  polarization 
and  kinematic  factors.  The  iFp^^^x:  1^  Pmin  were  in  the  ratio  1000;  1, 
approximately.  Absorption  was  neglected  in  calculating  the  |f|  because 
this  mineral  is  effectively  semitransparent  to  x  rays  and  because  the  speci¬ 
mens  were  roughly  isometric. 

The  spots  numbered  about  2000,  and  the  atoms  are  all  similar  in  a 
atomic  number,  so  one  would  expect  that  Zachariasen’s  statistical  methods 
would  solve  the  structure.  But  this  laborious' work  did  not  give  the  expected 
result,  bccaiLse  the  atoms  lie  almost  entirely  in  layers  (see  [13])  and  the  mineral  is  pseudohexagonal.  Harker- 
Kasper  methods  could  not  be  used,  because  the  reference  group  contained  only  four  reflections  having  absolute 
amplitudes  2:0.5.  We  were  forced  to  use  only  Patterson  functions. 

The  short  axis  is  b,  so  we  would  expect  that  the  P(uw)  projection  would  show  the  fewest  overlapping 
peaks;  but  Fig.  3*  shows  that  the  pattern  is  too  complex  to  be  interpreted  without  ambiguity,  so  we  constructed 
weighted  projecting  Pj  (uw)  and  Pj  (uw)  (from  303  reflections  of  hlZ  type  and  from  226  of  h2Z  type  respectively) 
in  order  to  ease  the  task  of  locating  the  first-order*  *  Si-Si  peaks  in  P(uw).  These  projections  had  only  one 
system  of  first-order  peaks;  they  gave  the  x  and  z  of  the  "heaviest"  atom  (Si)  uniquely.  The  results  were  con¬ 
firmed  by  taking  Marker  sections  at  the  levels  0  and  j  along  b,  for  which  purpose  we  used  846  reflections  from 
the  first,  second,  and  third  layer  lines  appearing  on  the  rotation  photographs  taken  on  b. 

We  constructed  P(vw)  (Fig.  4)  from  68  OkZ  reflections  and  Pj  (vw)  from  202  Ik/  reflections  in  order  to 
find  the  third  coodinate  of  this  Si.  Next  we  constructed  M(uw),  the  minimal  function  [15],  by  superposition. 
Minimalization  of  P(uw)  gave  the  coordinates  of  all  the  Si,  and  of  sixO  out  of  ten.  The  M(vw)  gave  only  the 
coordinates  of  the  silicon  and  those  less  reliably,  because  the  peaks  were  less  sharp  in  the  vw  projection. 

The  Patterson  diagram  gave  only  the  coordinates  of  Sij  unambiguously,  so  we  used  these  most  reliable 
coordinates  to  calculate  the  signs,  without  reference  to  the  results  from  the  minimalization,  in  order  to  construct 
the  electron-density  projection  along  b.  Figure  5  shows  the  projection  on  the  xz  plane;  we  see  that  Si|  and 
Sim  coincide  in  o(xz).  The  peak  for  Sijjj  has  the  same  z  as  the  first  two,  but  x  is  doubled;  xjji  =  10/60; 
xjjj  =  20/60  .  This  projection,  in  addition,  shows  peaks  corresponding  to  the  O  atoms;  almost  all  poaks  in 
M(uw)  have  corresponding  peaks  in  o(xz).  There  is  a  rather  large  peak  at  the  origin  in  o(xz),  which  we  at  first 
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Fig.  1.  Berman’s  [Si308]„  chain. 


Fig.  2.  Combination  of  a  Na 
octahedron  with  two  Si  tetra- 
hedra  in  Ito’s  structure  for 
cpididymitc. 


•The  a*  is  halved  in  this  projection  as  a  result  of  the  a  glide  plane  normal  to  b. 

•  *  Porai-Koshits's  name  [14]  for  the  peaks  produced  by  the  vectors  between  atoms  in  the  same  regular  system. 
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Fig.  4.  Patterson  projection  along  a. 


took  to  represent  Na;  but  the  volume  available  for  the  Na  polyhedron  is  inadequate,  so  the  Na  cannot  lie  at  the 
inversion  center.  We  found  later  that  this  peak  corresponds  to  two  Be  atoms  superimposed. 

The  electron-density  projection  constructed  with  allowance  for  the  coordinates  of  three  Si,  ten  O,  and  one 
Be  had  a  further  peak,  which  we  naturally  took  to  be  Na.  The  x  and  z  were  revised,  and  then  we  calculated  the 
structure  amplitudes,  which  are  compared  with  the  experimental  ones  in  Fig.  6.  The  superimposed  pairs  for  Si 
(I  and  111)  and  O  appearing  in  the  xz  projection  facilitated  the  work  on  the  projection  along  b,  but  it  hindered 
the  process  of  refining  the  coordinates,  so  R  for  the  hOl  reflections  remained  fairly  large:  0.23  (B  =  0.5G  A^. 
sin  6/\  1.1)  ;  when  17  zero- intensity  reflections  were  allowed  for  (sin  0/  \^0.9  )  we  found  that  R  was  0.24. 

Three  Si  atoms  were  located  by  minimizing P  (vw);  the  approximate  _y  and  the  reliable  z  were  used  to 
calculate  the  signs  for  the  OkZ  zone.  The  electron-density  projection  on  a  (Fig.  7)  gave  revised  and  con¬ 
firmed  most  of  the  z.  An  error-series  synthesis  was  used  to  refine  the  coordinates  of  Be  and  O.  Here  R  for  the 
projection  along  a  was  0.21  (sin  6/\  ^  l)  or  0.225  with  allowance  for  12  zero- intensity  reflections. 
Figure  8  gives  the  calculated  and  experimental  Oki  structure  amplitudes. 

Table  1  gives  the  coordinates  of  the  15  basal-plane  atoms.  Except  for  the  three  kinds  of  O  atoms  (which 
lie  in  mirror  planes),  all  atoms  (including  Na,  of  which  there  is  only  one  kind  -  see  above)  lie  in  general  eight¬ 
fold  positions,  so  the  total  number  of  parameters  is  (15  x  3)-(3x  1)=42. 
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The  Si-O  distances  vary  from  1.59  to  1.74  A,  and  the 
Na-O  from  2.1  to  2.7  A  (compare  the  2.14  to  2.62  A  of  [13]). 
The  probable  errors  are  given  by  Vainshtein's  formula  [16]  as 
Si  i  0.004  A,  Na  ±  0.006  A.  O  ±  0.009  A.  Be  *  0.023  A. 

The  Si-O-Si  angles  are  130;  134;  135.5;  139;  149 
and  160*. 

Table  2  gives  the  distances  in  each  coordination  poly¬ 
hedron.  Table  3  gives  the  same  for  Ito's  coordinates.  Table  4 
gives  the  balance  of  the  valencies  for  each  of  the  ten  kinds  of 
0(OH)  atoms  (see  Table  1). 

The  mineral  resembles  most  other  silicates  [17]  in  having 
columns  of  oxygen  polyhydra  arranged  around  a  large  cation 
(here  Na).  Here  the  polyhedra  have  eight  corners  and  take  the 
form  of  the  twisted  cubes  so  characteristic  of  Ca  grossular  garnet 
and  of  the  Na-Li  analog  cryolithionite  (CuAl|  [17]  is  composed 
exclusively  of  such  polyhedra).  The  columns  of  Na  polyhedra 
extend  along  the  twofold  screw  axes  parallel  to  b.  Two  such 
polyhedra  occur  in  one  b  repeat  distance  (Fig.  9a),  as  in  many 
silicates  having  columns  of  Na-Ca  polyhydra  that  have  been 
examined  recently*  ;  all  of  these  structures  have  b  very  close 
to  7.3  A. 

Here  b=  7.3  A,  and  at  three  levels  along  that  axis  there 
are  three  SiQ4  tetrahedra.  which  form  a  link  of  a  wollastonite 
chain  [SisOg]  =  [Si2  +  i  Og]  in  which  two  tetrahedra  face 
one  way  and  one  the  other. 

Fig.  5.  Electron -density  projection  along  b.  Two  such  chains  are  joined  into  a  band**as  in  xonotlite 

CagfSigOij  ]  (OH  )2  [6],  although  only  every  third  tetrahedron 
is  linked  in  the  latter  case, because  the  symmetry  plane  is  normal  to  the  plane  containing  the  centers  of  all  three 
tetrahedra  in  a  link;  whereas  the  symmetry  plane  in  epididymite  is  parallel  to  the  plane  containing  the  centers, 
so  all  three  tetrahedra  in  a  link  are  joined.  If  xonotlite  has  2  [SisOg]  — 0=  [SigOi7],  for  the  formula  of  its 


TABLE  1 

Relative  Coordinates  of  the  Basal  Atoms  in  Epididymitet 


Atom 

X 

V 

z 

Atom 

X 

V 

Si, 

0,167 

0,500 

0,150 

IV 

0,075 

0,017 

0,075 

Si,, 

0,334 

0,207 

0,142 

V 

0,117 

0,900 

0,250 

Si, 11 

0,152 

0,877 

0,132 

VI 

VII 

0,075 

0,278 

0,410 

0,400 

0,075 

0,150 

Na 

0,194 

0,167 

0,492 

VIII 

0,200 

0,684 

0,095 

Re 

0,025 

0,215 

0,032 

IX 

0,267 

0,010 

0,125 

I 

0,400 

0,225 

0,042 

OH 

0,050 

0,780 

0,078 

H 

0,117 

0,483 

0,250 

HI 

0,384 

0,130 

0,250 

tThe  roman  numerals  denote  the  oxygen  atoms. 


•Cuspidine-tilleyite  [19],  wollastonite  [7],  xonotlite  [6],  foshagite-hillebrandite-tobermorite  [20],  seidozerite 
[13],  and  lovenite  [21]. 

•  *0.3.  Bokii  predicted  silicon -oxygen  patterns  of  this  type  in  a  course  erf  lectures  on  chemical  crystallography 
he  presented  at  Moscow  State  University  in  1955. 
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strip,  more  exactly,  [SU  +  jOitI.  epididymite  has  2 [81309]— 

80  =  [SijOis  ]  =  [Si4  +  2  ^15 !•  Figure  10  shows  the  woll- 
astonite  chain  and  the  two  kinds  of  strip  produced  by  combining 
such  chains.  Figure  9b  shows  the  [SigOis]*,  strip,  while  Fig. 

9c  shows  how  this  [Si^Oisloo  strip  Is  combined  with  the 
twisted  Na  cubes.  A  81307  group  appearing  in  one  half  of  the  chain 
is  luiked  tothe  diagonal  square  face  of  a  Na  polyhedron,  while 
the  third  (single)  Si  tetrahedron  is  (see  [17])  linked  with  the 
side  of  a  square* .  The  second  chain  (half  of  the  strip)  is  linked 
with  the  twisted  cubes  in  another  column. 

A  link  of  an  epididymite  chain  divided  by  three  is  [81305], 
and  a  double  chain  having  this  unit  for  its  links  occurs  in  sil- 
limanite  AI3  SiOs  =  AlVI  [AlSi^'^OsJ  [14].  although  in 
this  case  half  of  the  tetrahedra  contain  A1  instead  of  Si  and  the 
centers  of  gravity  of  all  tetrahedra  lie  in  one  plane,  so  the 
link  is  actually  [81305],  or  rather  [SiA105].  Figure  10 
illustrates  the  differences  between  the  two  types  of  chain  and 
the  three  types  of  strip  (double  chain).  The  combination  of 
chains  is  controlled  (as  in  the  Ca  silicates)  by  the  need  to 
match  two  large  polyhedra  and  three  tetrahedra  in  a  distance 
of  7.3  A  when  we  pass  from  the  columns  of  A1  octahedra  in 
sillimanite  [18]  to  those  of  Na  polyhedra  in  epididymite,  even 
though  S^Os  is  still  the  basic  formula.  We  can  see  that  the 
Si-O-Si  angle  in  the  simple  sillimanite  81305  strip  is  very  much 
acute;  the  stress  that  would  otherwise  result  is  avoided  by  de¬ 
parture  from  crystallographic  identity  of  all  the  8i(Al)  atoms 
in  a  chain  (that  is,  if  we  displace  one  third  of  them  from  the 
common  plane,  as  in  epididymite  -  Fig.  9b). 


Epididymite  shows  a  clear  resemblance  to  the  feldspars. 
Figure  11  shows  the  silicon -oxygen  structure  typical  of  ortho- 
clase,  which  is  very  similar  to  the  structure  in  epididymite, 
except  that  each  link  has  four  levels  instead  of  three;  [SigO30  =  [814+4039  ],o  .  8uch  strijK  may  only  be 
dissected  from  the  three-dimensional  framework  formed  by  the  tetrahedra  in  the  case  of  the  feldspars,  whereas 
the  [815015]  links  in  epididymite  are  distinct  and  less  tightly  couple  the  single  Be  tetrahedra  into  layers;  they 
leave  room  to  fit  the  large  Na  atoms  in  the  gaps  between  the  strips  (Figs.  12  and  13). 

Epididymite  resembles  beryl  and  the  aluminosilicates  in  having  a  framework  similar  to  that  found  in  8iC^, 
because  its  formula  corresponds  to  an  (0+  OH):  (Si+  Be)  ratio  of  two.  On  the  other  hand,  its  structure  is  inter¬ 
mediate  between  the  strip  and  framework  structures  found  in  silicates,  because  that  structure  contains  dual 
[Be38i50i4(0H)3]  layers  consisting  of  [SigOisloo  stripis  and  Be  tetrahedra;  epididymite  must  be  called  a  beryl- 
losilicate  of  layered  structure  in  Bokii's  classification  of  the  silicates  [23]. 

The  doubled  formula  of  epididymite  Na3Be38i50j4  (OH  )3  bears  to  the  formula  [S^Oig]  a  re¬ 
lation  such  that  it  is  clear  that  one  of  the  O  atoms  (out  of  15)  must  be  replaced  by  OH,  the  true  formula  being 
[8i6  0i4  0H].  We  cannot  say  which  of  the  15  atoms  is  so  replaced,  but  it  can  hardly  be  one  of  the  three 
(single)  O  atoms  lying  in  the  plane  of  symmetry,  because  these  three  are  O  atoms  joined  via  two  8i  tetrahedra. 
The  other  12  such  atoms  in  that  plane  fall  into  six  crystallographically  identical  pairs.  The  atoms  O  vil. 
OviIIt  Ojx  belong  each  to  two  8i  tetrahedra  at  once,  so  one  OH  group  is  distributed  statistically  over  the  six 
positions  of  atoms  Oi,  OiVi  Ovi  (compare  the  statistical  distribution  of  twoOH  in  afwillite  [24]  and  of  six  OH 


*  This  shortens  one  edge  of  the  trigonal  prism  in  which  the  Si307  group  is  inscribed  and  lengthens  another  (in 
favor  of  the  single  8104  tetrahedron).  Then  the  central  Oyjjj  atom  in  the  Si-0-8i  group  is  displaced  very  much 
from  the  8i-8i  axis  (the  8i-0-8i  angle  is  160“;  see  [22]). 
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TABLE  2 


Interatomic  Distances  (A)  in  Epididymite 


Sij-  Tetrahedron 
Si,  —  II  1,60 
Si,  —  V’l  1,65 
Si,  —  Vll  1,60 
Si,  —  VIll  1,60 
II  —  VlII  2,78 
II  VI  2,50 
II—  VII  2,52 
VI—  VII  2,66 
VI  — VIII  2,56 
VII  —  VIII  2,43 

Si,, Tetrahedron 


Fig.  9.  Two  basic  patterns  in  epididymite:  a)  columns 
of  Na  polyhedra;  b)  double  chain  of  Si  tetrahedra;  c) 
combination  of  the  two  patterns. 


III  — Vll  2,76 

III—  IX  2,42 
VII—  IX  2,SS 

Si,j,  Tetrahedron 
Si,,,  —  IV  1 ,63 
Si,  I,  —  V  1,67 
Si„,  —  Vlll  1,62 
Si,„  —  1X1,74 

IV—  V  2,59 

IV  — Vlll  2,90 
IV—  1X2,53 

V  — Vlll  2,84 

V  —  IX  2,72 
Vlll—  1X2,50 


Be-  Tetrahedron 
Be—  I  1,65 
He— IV  1,68 
He—  VT  1,67 
He  — 011  1,53 
1  —  IV  2,89 
1—  VI  2,42 
1  —  011  2,51 
IV  — VI  2,87 
IV  — 011  2,56 
VI  — 011  2,51 
Xa-  Polyhedron 
Na—  1V^2,11 
Na—  VI  2,50 


hi 

—  I 

1,59 

Na 

—  Ml 

2 

,73 

'll 

—  Ill 

1,66 

Na 

—  IX 

2 

,20 

1 1 

hi 

—  vn 

1,59 

Na 

Na 

—  Vll 

—  IX 

•) 

3 

,72 

,10 

11 

—  IX 

1,69 

Na 

-  vm 

•) 

,08 

1 

—  Ill 

2,80 

Na 

oil 

li 

,63 

1 

—  VII 

2,43 

1 

—  IX 

2,52 

Fig.  10.  Silicon- oxygen  chains  [Si03loo  having  their 
tetrahedra  variously  oriented,  and  some  combinations 
thereof:  a)  simple  [Sii03j^  chain;  b)  wollastonite 
[Si2+iO^]^  chain  (view  along  a  normal  to  the  plane 
containing  the  centers  of  gravity  of  the  tetrahedra); 
c)  the  same  seen  from  the  side;  d)  sillimanite  strip; 
e)  xonotlite  strip;  f)  epididymite  strip. 


Fig.  12.  Axonometric  representation  of  the 
structure  of  epididymite. 


Fig.  11.  [Si802o]  00  strips  in  orthoclase. 
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TABLE  3 


TABLE  4 


Interatomic  Distances  (A)  in  Ito's  [4]  Structure  for 
Epididymite.a)  Tetrahedron;  b)  octahedron  (centro- 
symmetric) 


Balance  of  Valencies  in  Epididymite 


Si-Tetrahcdroii 

Si- Tetrahedron 

Si 

1  1,.S9 

Si  IV  2,Sti 

Si 

-  Ill  1,13 

Si  -  V  2,. 56 

Si 

IV  2.3S 

Si--  VI  2,61 

Si 

VI  1.7!t 

Si  -VII  1,S9 

1 

III  2,8'. 

V_Vil  3,01 

1 

IV  3,03 

V—  IV  2,36 

1 

VI  2,(li 

V  -  VI  2,91 

III 

IV  2,91 

VI --  IV  3,01 

III 

—  VI  2, SO 

IV  —  VII  2.91 

IV 

-  VI  3,01 

Nn-  Octahedron 

Si 

Tetrahedron 

(centrosymmetric) 

Si 

-  II  1,S9 

Na  1112,91 

Si 

III  1,30 

Na  IV  2,20 

Si 

V  2,3S 

Na—  1  2,02 

Si 

VII  1,79 

1  III  2, SI 

II 

-  Ill  2,S'i 

1  IV  3,03 

II 

—  V  2,. 03 

111  IV  2,91 

II 

III 
III 

—  VII  2, O'. 

\'  2,91 

—  VII  2,9S 

Na-  Octahedron 

( ce  ntros  ym  met  r  ic) 

\’ 

Ml  3,01 

Na  III  2,27 

Na  II  2,03 

<)  (<*ll)  1 

1 

N;i 

Up 

.Si, 

Siji 

j 

L 

1 

'/4 

I"-* 

II 

2X‘'/4 

•> 

III 

2X'  , 

2 

IV 

’’h 

",  1 

ri 

i’^ 

\' 

2xV.i 

•) 

VI 

V8 

“  4 

^■4 

1**  8 

Ml 

^4 

V4 

2'  4 

Mil 

»/« 

r'4 

'll 

2‘'8 

IX 

^4 

'>1 

2';, 

Oil 

',8 

V, 

•\'8 

Nn—  V 

II  III 
11—  V 
V—  111 


2, 17 
2 ,  S4 
3,03 
2,91 


in  lovozerite  [25])* ;  only  the  corners  not  coupled  to 
Si  atoms  in  the  Be  tetrahedra  can  for  certain  be  as¬ 
signed  to  hydroxyl. 

The  structure  explains  the  physical  properties  of 
the  mineral,  especially  the  two  mutually  perpendicular 
cleavage  planes  (100)  and  (001);  this  feature  makes 
epididymite  very  similar  to  orthoclase,  the  more  so 
since  the  cause  of  the  cleavage  (silicon-oxygen  strips 
extending  along  b)  is  the  same.  Along  (001)  we  have  closed  double  layers  of  Si  tetrahedra  with  Be  tetrahedra, 
the  layers  being  separated  by  large  Na  atoms  falling  in  a  strictly  hexagonal  array;  this  feature  makes  the  min¬ 
eral  similar  to  the  micas,  since  tabular  (pseudohexagonal)  triplets  tend  to  form,  and  so  on*  •  .  The  cleavage 
on  (100)  is  not  so  good,  because  the  silicon-oxygen  strips  are  joined  in  that  plane  by  Be  tetrahedra. 

Epididymite  is  optically  positive,  in  accordance  with  the  chain  nature  of  the  radical. 

Eudidymite  (the  monoclinic  form  of  epididymite)  contains  Si^Oj5  chains  ananged  stepwise,  but  three  tet¬ 
rahedra  still  form  one  unit  along  the  axis. 

This  form  of  chain  explains  the  perfect  cleavage  on  (110). 
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IN  THE  BORON-RICH  REGION 
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Translated  from  Zhurnal  Strukturnoi  Khimii,  Vol.  1,  No.  1,  pp.  64-65, 

May-June,  1960 

Original  article  submitted  March  27.  1959 

The  presence  of  a  new,  previously-unknown  phase  corresponding  to  the  composition  CrBg,  in  the 
chromium- boron  system  has  been  established.  The  unit  cell  dimensions  of  this  phase  (tetragonal 
syngony)  were  determined:  a  =  5.458  kX;  c  =  7.138  kX  ;  Z  =  4CrB6. 

In  our  preceding  works  [1,  2],  devoted  to  the  study  of  the  phase  composition  of  synthesis  products  in  the 
chromium- boron  system  under  certain  conditions  (temperature  and  given  initial  compositions  from  CrBo.oi  to 
CrB3)*  ,  wc  reported  the  formation  of  a  hexagonal  modification  of  chromium  (8 -phase),  due  to  the  solubility  of 
small  i|uantities  (up  to  0.1%)  of  boron  in  the  original  cubic  modification  of  chromium,  and  described,  among 
other  phases,  a  new  phase  corresponding  to  the  composition  CrgBs. 

The  results  of  investigation  of  the  phase  composition  in  the  region  richer  in  boron,  i.e.,  with  an  initial 
composition  from  CrBs  to  CrB24,  arc  given  in  the  present  article. 

Starting  Materials  and  Method  of  Synthesis 

Samples  were  prepared  under  the  conditions  described  by  us  in  [1,  2]  — direct  synthesis  from  99.3-99.6% 
pure  boron  obtainedby  the  thermal  decompositionofdiborane,  and  99.9%  pure  electrolytic  chromium.  The  initial 
mixtures  of  finely-divided  powders  of  the  given  composition  were  mixed  for  a  long  time  and  then  pressed  in  the 
cold  under  a  pressure  of  about  500  kg/cm^  into  moldings  5-8  mm  in  diameter  and  10-15  mm  long.  The  latter 
were  put  into  silica  boats,  on  the  bottom  of  which  was  strewn  the  powder  of  the  sample  being  investigated.  In 
order  to  prevent  the  molding  from  reacting  with  the  silica  and  the  furnace  atmosphere,  it  was  covered  with  the 
same  powder  (a  2-3  mm  layer).  The  synthesis  was  carried  out  in  vacuo  at  1150*  for  10  hours  and  then  for  48-60 
hours  at  1300-1350*  in  an  argon  atmosphere.  Chemical  and  x-ray  phase  analysis  was  carried  out  by  the  methods 
described  by  us  in  [1]. 

Several  series  of  samples  of  the  following  initial  compositions  were  synthesized  and  investigated; 

a)  ten  samples  from  CrB3  to  CrBi2  under  the  conditions  stated  above  (samples  Nos.  185-189  and  209-213); 

b)  four  samples  from  CrBg  to  CrB24,  1300*,  in  argon  40  hr  (Nos.  257-260); 

c)  five  samples  from  CrB3  to  CrBi2,  2200*  in  argon  2  hr  (Nos.  195-199); 

•Gross  composition  of  samples,  and  not  phase  composition. 
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Indices,  Interplanar  Distances  d  (kX),  and  Visually-Estimated*  Intensities  I  of  Lines  of 
the  CrBj  Phase  (CuK^^Radiation) 
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•s. -strong,  m.— medium,  w.— weak,  v.— very  weak. 

d)  two  samples,  CrBg  and  CrBj^,  2200"  in  vacuo,  15  min,  then  in  argon,  2100",  1  hr  (Nos.  214  and  215); 

e)  six  samples  from  CiCg  to  CrB24,  1900",  in  vacuo,  1.5  hr  (Nos.  266-271). 

X-ray  and  Chemical  Analysis 

X-ray  analysisof  samples  of  the  first  series  of  experiments  (a)  revealed  that  in  the  region  of  compositions 
from  CrBs  to  CrBs^s^  besides  the  known  hexagonal  phase  CrB2,  lines  of  a  new  phase,  not  described  in  the  literature, 
appear.  X-ray  patterns  for  a  composition  close  to  CrBg  bear  lines  only  of  this  new  phase,  and  when  the  boron 
content  is  further  increased  to  the  composition  CrB^j  no  new  lines  appear.  Lines  of  pure  boron  are  not  observed 
either;  this  is  possibly  explained  by  the  amorphoas  state  of  the  free  boron.  Increasing  the  boron  content  to  CrB24 
(series  b)  does  not  lead  to  the  appearance  of  free  boron  lines  either;  the  lines  of  the  main  (new)  phase  are  not 
noticeably  shifted. 

Increasing  the  synthesis  temperature  to  1900-2200®  leads  to  decomposition  of  the  new  p)hase  with  formation 
of  the  compound  CrB2  and  the  appearance  of  a  crystalline  form  of  free  boron. 

Chemical  analysis  of  homogeneous  samples  of  the  phase  found  by  us  gave  the  following  content  (in  wt. ‘^o): 

B  55.6-55.9;  Cr  43.7-43.8;  theoretical  content  for  CrBg  55.52  and  44.48%,  respectively;  i.e.,  the  discrepancy  lies 
within  the  limits  of  analytical  error.  The  density  of  the  new  phase,  measured  pycnometrically,  was  3.35  g/cm^ 

Experimental  and  calculated  interplanar  distances  d  and  visually-estimated  line  intensities  for  the  CrBs 
phase  are  given  in  the  table.  It  was  determined  by  the  analytical  method  that  the  compound  CrBg  belongs  to 
the  tetragonal  system;  a=  5.458  ±  0.001  kX;  c=  7.138  ±  0.001  kX;  Z  =  4CrB5;  x-ray  density  Ox=  3.63  g/cm  . 

The  authors  thank  Professor  B.F.  Ormont  for  critical  comments  in  the  discussion  of  this  work. 

LITERATURE  CITED 

1.  V.A.  Ejjel’baum.et  al.,  Zhur.  Neorg.  Khim.  2,  1848  (1957). 

2.  V.A.  Epel’baum,  et  al.,  Zhur.  Neorg.  Khim.  3,  2545  (1958). 


56 


CRYSTAL  STRUCTURE  OF  TERNARY  PHASES 


IN  THE  SYSTEMS  Mo  (W)-Fe  (Co.  Ni)-Si 
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Original  article  submitted  May  25,  1959 

The  existence  of  the  ternary  phases  Mcrf^eSi,  MoCoSi,  MoNiSi,  WFeSi,  WCoSi,  and  WNiSi  has 
been  established  and  their  crystal  structures  determined. 

In  the  systems  Mn— Co— Si  and  Mn— Ni— Si,  which  we  investigated  in  part,  together  with  Kripyakevich, 
there  were  found  ternary  compounds  of  the  composition  Mn3Me3Si2  [1]  or  Mn(Me,  Si)2  [2]  (where  Me  =  Co  or  Ni), 
having  a  MgZn2-type  structure  (Laves  phases).  One  of  the  necessary  conditions  of  formation  of  ternary  Laves 
phases  is  that  the  ratio  of  atomic  radii  rp/rxiZ  (where  R  is  the  component  with  the  largest  atoms  and  X  and  Z 
are  the  components  with  the  smaller  atoms)  must  lie  within  the  range  1.09-1.50  [3].  In  the  above-mentioned 
manganese-containing  systems  the  ratio  of  atomic  radii  is  less  than  1.09,  but  Laves  phases  are  still  formed  in 
them.  The  radii  of  molybdenum  and  tungsten  are  greater  than  that  of  manganese  (rivio=l*39  kX;  r\v  =  1.40  kX; 
rMn“1.30  Therefore  one  may  expect  the  formation  of  Laves  phases  in  the  systems  R— Co— Si  and  R— Ni— 
Si,  where  the  component  R  is  molybdenum  or  tungsten.  In  the  binary  systems  Mo— Co,  Mo— Ni,  W— Co,  and 
W  — Ni  binary  phases  with  the  MgZn2  structure  are  not  formed  [4]  but  this  does  not  exclude  the  possibility  of  the 
formation  of  Laves  phases  by  these  metals  on  addition  of  a  third  component. 

The  question  of  the  formation  of  ternary  Laves  phases  in  the  systems  Mo— Fe— Si  and  W  — Fe— Si  is  also  of 
interest.  Contrary  to  systems  with  Co  and  Ni,  the  binary  systems  Mo— Fe  and  W— Fe  contain  the  binary  com¬ 
pounds  MoFe2  and  WFe2  with  MgZn2-type  structure  [5], 

The  ternary  Laves  phase  in  the  system  Mo— Fe— Si  (or  W-Fe— Si)  might  be:  a)  a  solid  solution  of  the 
third  component  in  a  binary  Laves  phase  (similar  to  the  solid  solution  of  Mn  in  MgZn2  [6]);  b)  a  ternary  com¬ 
pound  with  a  structure  of  the  same  type  as  the  binary  (as  in  the  system  Ca— Ag— Mg  [7]),  or  c)  a  ternary  com¬ 
pound  of  different  structure  (similar  to  the  compounds  MgLi  0.25^01 .75  MgLiZn  in  the  system  Mg— Li— Zn 
[8]). 

Some  of  the  systems  of  molybdenum  or  tungsten  with  transition  metals  and  silicon  of  interest  to  us  have 
already  been  studied  in  part.  In  the  system  Mo— Ni— Si  the  ternary  compounds  Mo2NisSi  and  MoNi4Si2  were 
found;  the  latter  exists  only  at  temperatures  above  850°  [9].  The  system  W— Fe— Si  was  investigated  by  the 
methods  of  thermal  analysis  and  microstructure  [10].  In  this  system,  the  compounds  WFeSi  and  W2FeSi  were 
found.  The  systems  Mo— Fe— Si,  Mo— Co— Si,  W— Co— Si,  and  W  — Ni— Si  have  not  been  investigated  until  now. 

We  undertook  to  make  a  partial  study  of  the  systems  Mo— Fe— Si,  Mo— Co— Si,  Mo— Ni— Si,  W  — Fe— Si, 

W— Co— Si  and  W— Ni— Si  in  the  region  up  to  33.3  at. ^0  Si  in  order  to  find  out  whether  ternary  compounds  are 
formed  in  them,  and,  if  so,  to  determine  their  structures. 
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Experimental  Procedure 

The  alloys  were  prepared  from  powdered  metals  of  the  following  degrees  of  purity:  tungsten  99.9570,  moly- 
bedum  99.97%,  cobalt  99.9%,  nickel  and  iron,  reduced  by  hydrogen  from  chemically  pure  oxides,  and  silicon 
99.^0.  Weighed  samples  of  the  powders  were  pressed,  and  then  melted  in  porcelain  crucibles  under  argon  in  a 
high-frequency  furnace.  Ignition  losses  were  negligible,  and  therefore  the  alloys  were  not  chemically  analyzed. 

The  alloys.  wrapp>ed  in  tantalum  foil,  were  ignited  in  silica  ampules  sealed  in  vacuo.  The  ignition  con¬ 
tinued  for  48  hr  at  1100°,  after  which  the  alloys  were  cooled  to  1000  or  800"  and  maintained  at  that  temperature 
for  150  hours  more.  After  this,  the  alloys  were  quenched  in  cold  water  and  pulverized;  in  order  to  determine 
deformation,  and  for  further  homogenization,  the  resulting  powders  were  kept  for  8-10  hr  more  at  1000  or  800* 
and  again  quenched.  The  x-ray  investigation  was  carried  out  in  Debye  and  Preston  cameras. 


Systems  Mo—  Co—  Si  and  Mo  —  Ni  —  Si 

In  the  system  Mo— Co— Si  we  investigated  15  alloys  located  on  the  section  MojSi— CosSi  and  in  the  central 
part  of  the  ternary  diagram.  Alloys  containing  33.3-40.0  at.  7o  molybdenum  and  22.5-33.3  at.7o  silicon  proved 
to  be  homogeneous.  The  x-ray  pattern  of  the  alloy  MoCoSi  was  induced  on  the  basis  of  a  hexagonal  lattice  with 
a  =  4.73  kX  and  c/a  =  1.61.  This  indicates  the  possibility  of  formation  of  a  ternary  compound  with  a  MgZnj-type 
structure  in  the  system  Mo— Co— Si,  the  given  axial  ratio  being  characteristic  of  this  type  of  structure.  In  the 
x-ray  pattern  the  absence  of  lines  with  indices  OOZ  and  hhZ  where  Z  *  2n,  also  indicates  the  possibility  of  a 
MgZrij-type  structure  (Table  1).  In  order  to  test  the  hypothesis  that  the  ternary  compound  in  the  system  Mo— 
Co— Si  has  a  MgZii2-type  structure,  we  calculated  the  theoretical  intensities  for  the  alloy  MoCaSi  (Table  1). 

The  following  arrangement  of  atoms  in  the  space  group  D^—  C6/ mmc  was  assumed: 


4 Mo  III  4(/):  ^ 


3  ’  3  ’ 


JL  I  -•  2  1.  1  1  -  J  ii  L 

2  (Co, Si)  in2(rt):000;  00, V-,; 

(i(Co,  Si)  in  (•,(//):  j  ,  2r,  Vi;  2x,  f  ,  x, 


X,  Jr,  74; 


X 


Vfi. 


^  1  . 
^  ~  i()  ’ 

2x,  x,^U\ 


The  coordination  number  of  the  Mo  atoms  is  16  for  the  indicated  positions,  whereas  that  of  the  Co  and  Si 
atoms  is  12  for  both  positions. 

As  Ls  evident  from  Table  1,  measured  intensities  agree  well  with  calculated  ones,  which  indicates  that  the 
ternary  compound  of  Mo  with  Co  and  Si  belongs  to  the  MgZn2  type.  The  change  in  the  distances  between  lines 
for  alloys  lying  in  the  region  of  homogeneity,  indicates  variability  of  composition  of  the  compound  and  a  change 
in  c/a. 

In  the  system  Mo-Ni— Si  we  investigated  the  three  alloys  MoNiSi,  MogNisSi,  and  MoN^Sig,  which  were 
quenched  from  the  temperatures  1000  and  800°.  X-ray  patterns  of  the  first  two  alloys,  quenched  from  1000°, 
were  identical  with  those  of  alloys  quenched  from  800°  and  were  characteristic  of  the  MgZn2-type  structure 
(Table  1).  The  x-ray  pattern  of  the  alloy  MoNi^Sij  had  not  only  lines  of  the  MgZn2  structural  type,  but  also 
secondary  lines  apparently  belonging  to  nickel  silicides. 

In  the  system  W-Co-Si  the  alloys  WCoSi,  Wjs.j  Co  42,7  Sijs,  WjsCosgSiso  and  €0,7^5  Sijg 

were  investigated.  In  the  x-ray  pattern  of  the  alloy  WCoSi  lines  of  the  MgZr^  structural  type,  as  well  as  two 
very  weak  secondary  lines,  appeared  (Table  2).  Every  one  of  the  other  alloys  proved  to  be  homogeneous  and 
consisted  only  of  a  ternary,  MgZn2-type  compound.  The  assignment  of  the  compound  to  this  type  is  confirmed 
by  the  agreement  of  measured  intensities  with  those  calculated  for  the  MgZnj-type  (composition  of  WCoSi, 

Table  2). 

Systems  W  —  Co  —  Si  and  W  —  Ni  —  Si 

In  the  system  W-Ni-Si  the  alloys  WNiSi,  W33.3  Ni45.7  Sijg,  Wj^ijgSigo  and  W 37  5  Ni  37,5 Si  25 
were  investigated.  They  all  proved  to  be  heterogeneous;  the  main  lines  of  the  x-ray  patterns  belonged  to  the 
MgZn2  structural  ty|>e,  but  other  weak  lines  belonging  to  tungsten  were  observed  (Table  2). 
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TABLE  1 


X-ray  Powder  Patterns  of  the  Alloys  MoCoSi,  MoNiSi,  and  MoFeSl  (Fe-K  radiation, 
camera  diameter  57.3  mm) 
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•Only  cx -lines  are  given  in  the  table. 
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X-ray  Powder  Patterns  of  the  Alloys  WCoSi,  WNiSi,  and  WFeSi  (Fe-K  radiation,  camera 
diameter  57.3  mm) 


hkl 

WCo.Sl 

WNi.Si  1 

WFrSI 

Bln 

« 

I 

sln*»  j 

^mea: 

sIn'H  1 

^  meas 

meas.  | 

calc. 

meas.  | 

calc. j 

meas.| 

calc.  1 

calc.  1 

calc. 

100 

0,0.54 

0,0.56 

10 

14 

0,0.55 

0,0.56 

10 

0,056 

0,0.56 

10 

002 

0,062 

0,063 

5 

9 

0,064 

0,066 

5 

0,064 

0,064 

5 

101 

0,071 

0,072 

10 

12 

0,071 

0,072 

10 

0,067 

0,072 

10 

102 

0,117 

0,119 

10 

13 

0,120 

0,121 

10 

0,120 

0,121 

10 

110 

0,11)5 

0,167 

50 

55 

0,165 

0,167 

.50 

0,168 

0,169 

60 

103 

0,195 

0,197 

70 

72 

0,202 

0,202 

70 

0,197 

0,202 

70 

200 

0,220 

0,223 

10 

13 

0,223 

0,22.3 

20 

0,223 

0,225 

10 

112 

0,229 

0,230 

80 

70 

0,2.32 

0,232 

70 

0,231 

0,2.33 

70 

201 

0,236 

0,2.39 

40 

31 

0,2.39 

0,239 

40 

0,240 

0,241 

40 

004 

0,253 

0,251 

5 

.3 

— 

0,261 

0 

0,2.55 

0,2.58 

5 

202 

— 

0,286 

0 

1 

— 

0,288 

0 

— 

0,290 

0 

104 

0,306 

0,.307 

5 

2 

— 

0,317 

0 

0,.3J1 

0,.314 

5 

203 

0,361 

0,364 

20 

12 

0,.368 

0,.370 

20 

0,.366 

0,370 

20 

210 

0,.387 

0,390 

10 

5 

— 

0,390 

0 

0,.390 

0,.394 

10 

211 

0,405 

0,406 

10 

5 

— 

0,406 

0 

0,406 

0,410 

10 

114 

— 

0,419 

0 

0 

— 

0,428 

0 

— 

0,427 

0 

212  \ 
10.5  1 

0,448 

0,453  \ 
0,449  ; 

.30 

7 

19 

0,4.53 

0,463 

0,4.55 

0,463 

10  \ 
.30/ 

0,4.57 

0,4,58  \ 
0,4.59  j 

40 

204 

— 

0,474 

0 

0 

— 

0,484 

0 

— 

0,48.3 

0 

300 

0,499 

0,.502 

.30 

19 

0,.500 

0,502 

.30 

0,503 

0,.506 

.30 

:ioi 

— 

0,518 

0 

0 

— 

0,518 

0 

— 

0,.52.3 

0 

213 

0,.5.30 

0,5.32 

70 

60 

0,.5.3.5 

0,5.37 

60 

0,.5.3.5 

0,.5.39 

70 

302  \ 

0,.565  \ 

.32 

0 , 565 

0,.567 

50 

0,.568 

0,.571 

.50 

(K)(i  I 

0,,566  / 

5 

0,,585 

0,.587 

10 

0,.576 

0„580 

10 

20.3  i 

0,616  1 

44 

0,629 

0,6.30 

60 

0,625 

0,628 

60 

10H  / 

0,622  / 

6 

0,640 

0,643 

10 

0,6.33 

0,637 

10 

.303 

— 

0,643 

0 

0 

— 

0,648 

0 

— 

0,651 

0 

214 

0,6.38 

0,642 

20 

22 

0,6.56 

0,651 

5 

0,649 

0,6.52 

10 

220 

0,668 

0,669 

60 

40 

0,669 

0,669 

60 

0,672 

0,675 

60 

310 

0,721 

0,725 

10 

16 

0,721 

0,724 

10 

0,731 

0,731 

10 

222 

— 

0,7.32 

0 

9 

0,7.33 

0,734 

10 

0,743 

0,740 

10 

311 

— 

0,741 

0 

4 

— 

0,741 

0 

— 

0,748 

0 

116 

0,7.30'»* 

0,733 

20 

9 

0,7.52 

0,7.54 

5 

— 

0,749 

0 

.304 

— 

0,7.53 

0 

0 

— 

0,762 

0 

— 

0,764 

0 

312 

— 

0,788 

0 

8 

0,785 

0,750 

5 

— 

0,75)6 

0 

21.3 

0,78.3 

0,783 

60 

47 

0,797 

0,798 

60 

0,791 

0.75)7 

60 

206 

0,786 

0,789 

10 

20 

0,811 

0,810 

10 

0,799 

0.,S0.5 

20 

107 

0,827 

0,826 

10 

14 

0,8.55 

0,8.55 

10 

0,8.50 

0,.‘^46 

10 

313 

0,867 

0,866 

100 

100 

0,871 

0,861 

too 

0,872 

0,877 

100 

400 

— 

0,892 

0 

1 

0,891 

0,892 

5 

— 

0,900 

0 

401 

0,908 

0,908 

40 

29 

0,911 

0,908 

40 

0,911 

0,916 

50 

305 

— 

0,895 

0 

0 

— 

0,909 

0 

— 

0,5K)9 

0 

224 

0,921 

0,921 

40 

20 

0,9.33 

0,9.30 

.30 

0,926 

0,9.33 

50 

402 

— 

0,9.55 

0 

1 

— 

0,9.57 

0 

— 

0,965 

0 

216 

0,9.57  a  1 

0,960 

40 

42 

0,976 

0,5)77 

40 

0,978 

0,5)74 

40 

314 

0,968 

0,976 

10 

in 

0,985 

0,5)85 

10 

0,95)0 

0,989 

20 

•  Only  ot-lines  are  given  in  the  table. 

For  VVC.oSi  siii2|>  =  0.03914  ~  (//2 A-2  f /lA)  +  0,402r)/2 

"  WNiSi  sin^O  =  0,04179  (/F^  1  A*  1-  hk)  -f  0,390312 

-  WFoSi  si  1)20  =  0,04210  I (ir~  \  A*  I  A  A)  |  0,3820/2 


Secondary  lines  in  the  x-ray  patterns:  WCoSi  sin*  0^=  0.890;  0.936;  WNiSi  sin*  0^=0.964; 
WFeSi  sin*  ^0.839;  0.893;  0.965. 

•  •  The  116  and  222  lines. 
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TABLE  3 


Lattice  Constants  of  the  Crystal  Structures  of  Ternary  Phases 


Phase 

composition 

j  xiin*.v* 

f^in  k.\  * 

j  r  ft 

j  Phase 
[composition 

a invA  * 

c  infcV  • 

r  'o 

Mo  Ft'S  i 

4.741 

7,647 

1,613 

WFeSi 

4.7J8 

7,651 

1,618 

Mof’oSi 

4 , 7:ir. 

7 . 

1  ..796 

W<  ',oS  i 

4,724 

7.706 

i,6;k) 

MoNiSi 

4 , 7;ir. 

7 ,  .763 

),.797 

WN'iSi 

4,725 

7,. 563 

1,601 

•  Values  of  a  and  c  were  determined  with  accuracies  of  ±  0.003  and  ±  0.004  kX, 
respectively. 


TABLE  4 

Interatomic  Distances  in  the  Structures  of  the  Ternary  Phases  RXSi  (in  kX) 


Distance 

MoFeSi 

MoCoSi 

MoNiSi 

WFeSi 

WCoSi 

W-NiSI 

H  —  111 

2,87 

2,83 

2,84 

2, HI 

2,89 

2,84 

11  —  311 

2,90 

2,89 

2,89 

2,89 

2,89 

2,89 

11  6X  (h) 

2,75 

2,7.3 

2,73 

2,75 

2,77 

2,73 

11  -  .3X  (h) 

2,77 

2,76 

2,76 

2,77 

2,77 

2,76 

11  .IX  (rt) 

'i,n 

2,77 

2,77 

2,77 

2,76 

2,76 

X  (//)  —  2X  («) 

2,. 35 

2,3.3 

2,. 33 

2,, 35 

2,36 

2,33 

\(h)  4X(/0 

2,;’.7 

2,. 37 

2,. 37 

2,:k) 

2,36 

2,. 36 

X(/0  211 

2,77 

2,76 

2,76 

2,77 

2,77 

2,76 

X(h)  -411 

2,75 

2,7.3 

2,7.3 

2,75 

2,77 

2,73 

X  («)  6X  (//) 

2,  .35 

2,. 3.3 

2,33 

2,. 35 

2,. 36 

2,. 3.3 

X(a)  — 611 

2,77 

2,77 

2,77 

2,77 

2,76 

2,76 

Systems  Mo  —  Fe  —  Si  and  W  —  Fe  —  Si 

In  connection  with  the  presence  of  binary  compounds  with  the  MgZr^  structure  (MoFe2  and  WFe2)  in  the 
systems  Mo— Fe  and  W  — Fe  and  the  existence  of  the  compound  WFeSi  [10],  we  investigated  the  sections  MoFej- 
MoFeSi  and  WFe^- WFeSi.  We  prepared  seven  alloys  corresponding  to  each  section,  with  a  constant  Mo(W) 
content  equal  to  33.3  at.^o  and  a  silicon  content  from  0  to  33.3  at.‘7o.  In  the  system  W-Fe— Si  the  alloy  WjFeSi 
also  was  investigated.  It  was  found  that  in  the  systems  Mo— Fe— Si  and  W— Fe— Si,  for  constant  concentrations 
of  33,3  at. *70  Mo(W)  and  compositions  ABC,  phases  with  MgZnj-type  structures  are  formed  (calculations  for  the 
x-ray  patterns  of  MoFeSi  and  WFeSi  are  given  in  Tables  1  and  2).  The  question  as  to  whether  they  are  ternary 
phases  or  solid  solutions  based  on  the  binary  compounds  MoFej  and  WFcj  remains  obscure,  since  we  were  unable 
to  prepare  the  binary  comfKjunds  in  pure  form. 

We  did  not  confirm  the  existence  of  the  compound  WjFeSi:  the  x-ray  pattern  of  the  alloy  of  composition 
W2FeSi  contained  not  only  lines  belonging  to  the  MgZnj  structural  type,  but  also  intense  tungsten  lines. 

DISCUSSION  OF  RESULTS 

By  x-ray  structural  investigation  of  the  systems  Mo-Fe— Si,  Mo— Co-Si,  Mo— Ni— Si,  W— Fe— Si,  W  — Co- 
Si,  and  W  — Ni— Si  we  established  that  a  ternary  phase  with  a  MgZnj-type  structure  is  formed  in  each  of  them. 

In  systems  containing  nickel  or  cobalt  these  phases  are  ternary  compounds;  in  systems  containing  iron  they  are 
ternary  compounds  or  solid  solutions  based  on  the  binary  compounds  MoFej  and  WFej.  Two  of  the  indicated 
phases— MoNiSi  (Mo2Ni3Si)  and  WFeSi— were  known  earlier  [9,  10],  but  their  structure  has  not  been  studied  until 
now;  the  rest  of  the  phases  have  not  yet  been  described  in  the  literature. 
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The  unit-cell  constants  of  the  ternary  MgZnj-type  phases  (for  the  composition  RXSi,  where  R=Mo.  W; 

X  =  Fe,  Co,  Ni)  are  given  in  Table  3.  The  constant  a  is  less  for  tungsten  compounds  than  for  those  of  molybdenum, 
despite  the  fact  that  the  radius  of  the  first  is  somewhat  greater  than  that  of  the  second.  A  similar  relation  is  ob¬ 
served  in  other  series  of  isostructural  compounds  of  elements  in  Periods  V  and  VI:  MojC— WjC  ([11],  p.  332)  and 
NbFej-TaFej  ([11],  p.  301).  The  value  of  c/a  for  most  of  the  phases  investigated  is  less  than  the  ideal  (1.63) 
and  approaches  it  only  in  the  case  of  WCoSi  (Table  3). 

Interatomic  distances  in  the  RXSi  structures  are  given  in  Table  4. 

From  the  viewpoint  of  crystal  chemistry  the  investigated  phases  are  most  similar  to  compounds  in  the 
systems  Mn~Co“Si  and  Mn“Ni— Si  [1,  2].  They  are  not  only  isostructural  with  the  latter,  but  also  characterized 
by  low  values  of  c/a.  The  unit-cell  constants  for  phases  containing  molybdenum  and  tungsten  are  greater  than 
for  manganese  compounds;  this  is  due  to  replacement  of  manganese  atoms  by  the  larger  molybdenum  and  tung¬ 
sten  atoms. 

The  authors  thank  P.I.  Kripyakevich  for  a  discussion  of  the  questions  dealt  with  in  this  article. 

SUMMARY 

Forty-three  alloys  of  the  ternary  systems  Mo(W)-Fe(Co,  Ni)-Si  were  investigated  by  the  method  of  x-ray 
structural  analysis.  The  existence  of  the  following  ternary  phases  with  MgZnj-type  structures  was  established: 

MoFeSi  (n  ^  kX,  c  =  7,647  kX)  WFeSi  (a  =  4,728  *A',  c  =  7,651  kX) 

MoCoSi  (a  =  4,735  kX,  c  =  7,555  kX)  WCoSi  (a  =  4,724  kX,  c  =  7,706  kX) 

MoNiSi  (fl  =  4,735  kX,  c  =  7,563  A- A)  WNiSifn  =  4,725  kX,  c  =  7„563  AA), 
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COMPLEX  COMPOUNDS  WITH  MULTIPLE  BONDS 


IN  THE  INNER  SPHERE 

G  .  B ,  B  ok i i 

Institute  of  Inorganic  Chemistry  SO,  Academy  of  Sciences  of  the  USSR 
Translated  from  Zhurnal  Strukturnoi  Khimii,  Vol.  1,  No.  1.  pp.  72-79, 

May-June,  1960 

Original  article  submitted  November  29,  1959 

A  hypothesis  is  advanced  on  the  existence  of  a  special  group  of  complex  compounds  differing 
from  ordinary  ones  in  that  they  have  one  or  several  multiple  bonds  in  the  inner  sphere,  between 
the  central  atom  and  the  ligands.  The  properties  of  these  compounds  are  discussed.  A  crys- 
tallochemical  criterion  for  relating  a  compound  to  this  group  is  pointed  out. 


In  the  most  typical  complex  compounds  ligands,  as  a  rule,  are  univalent  anions  or  neutral  groups  for  in¬ 
stance,  Cl“,  Br",  I",  N02",  OH",  CN",  SCN",  NH3,  and  other  amines,  HjO  et  al.. 

If  the  complex  compound  contains  a  polyatomic  bivalent  ligand,  it  often  forms  two  bonds  and  occupies 
two  coordination  positions  (e.g.,  the  oxalate  ion,  ethylenediamine,ot -dioximes,  etc.).  These  substances,  parti¬ 
cularly  dimethylglyoxime,  can  saturate  the  main  valences  of  the  central  metal  atom  and  also  can  form  bonds 
with  the  central  atom  through  a  nitrogen  atom,  remaining  neutral  in  this  case.  In  both  cases  the  character  of 
the  metal— ligand  chemical  bond  is  the  same  as  with  the  univalent  and  neutral  ligands  mentioned  above.  Of  the 
compounds  metioned  in  A.A.  Grinberg's  book,  "Introduction  to  the  Chemistry  of  Complex  Compounds  [in  Russian], 
compxjunds  of  these  types  constitute,  probably,  over  95*70.  Below  we  shall  call  them  "ordinary  complex  com¬ 
pounds." 

Metal— ligand  bonds  of  very  similar  types  are  characteristic  of  all  this  enormous  number  of  complex  com¬ 
pounds;  they  are  most  simply  expressed  by  a  two-electron  covalent  bond.  The  difference  in  bond  type  among 
different  ligands  lies  in  the  extent  of  their  deviation  from  purely  covalent  toward  ionic. 

In  compounds  of  this  type,  according  to  modern  coordination  theory,  there  is  no  difference  between  pri¬ 
mary  and  secondary  valences.  For  this  reason  the  characteristic  structural  criterion  of  these  compounds  is  the 
fact  that  the  coordination  number  of  the  central  atom  is  always  greater  than  its  valence* 

The  question  arises;  what  peculiarities  will  the  compounds  have  if  their  ligands  are  bound  to  the  central 
atom  by  bonds  of  a  sharply  (qualitatively)  different  type? 

Qualitatively  different  types  of  chemical  bond  appear  in  the  case  where  a  different  number  of  electrons 
participate  therein.  Of  course,  two  types  of  bond  may  differ  qualitatively  from  one  another  even  in  the  case 
where  an  equal  number  of  electrons  take  part,  but  the  converse  statement  is  unconditionally  valid;  if  a  different 
number  of  electrons  participate  in  the  bonds,  the  bond  types  must  be  different.  Such  are  bond  types  with  which 
we  shall  deal  in  the  present  article. 


•The  concept  "valence"  is  used  here  by  us  in  that  sense  in  which  it  is  usually  employed  in  analytical  chemistry. 
It  is  similar  to  the  concepts  "state  of  oxidation"  and  "degree  of  oxidation,"  used  in  the  works  of  G.  Seaberg  and 
other  authors.  Thus,  for  instance,  in  K2PtCl3  the  valence  of  Pt  in  this  sense  is  four.  We  denote  this  degree  of 
oxidation  of  platinum  by  Pt^,  without  of  course,  implyingthat  the  symbol  represents  a  quadruply- charged  ion. 


In  this  connection  the  clearest  demarcation  of  compounds  is  made  in  organic  chemistry,  since  the  latter  is 
systematized  essentially  according  to  bond  types.  Thus,  in  organic  chemistry,  the  division  of  aromatic  com- 
jxjunds,  characterized  by  sesquiple  (benzene)  bonds,  is  always  distinguished.  Among  the  acyclic  compounds  the 
division  of  saturated  compounds  and  their  derivatives,  always  characterized  by  only  single  (two-electron)  bonds, 
is  always  distinguished.  In  turn  unsaturated  compounds  of  the  ethylene  and  acetylene  series  are  distinguished 
from  them. 

The  C-C  bonds  in  paraffins,  benzene,  ethylene,  and  acetylene  are  essentially  different  and  cannot  be  con¬ 
tinuously  and  gradually  interchanged.  A  different  number  of  electrons,  equal  to  two,  three,  four,  and  six,  re¬ 
spectively,  take  part  in  each  of  these  bond  types. 

Each  type  of  bond  between  identical  atoms  has  a  corresponding  interatomic  distance,  which  varies  within 
certain  but,  as  a  rule,  narrow  limits  depending  on  the  presence  of  other  atoms  in  the  molecule.  Changes  in  the 
interatomic  distances  in  this  case  are  quantitative  in  character  and  remain  within  the  limits  of  one  qualitative 
type  of  chemical  bond.  The  physical,  particularly  the  energetic,  characteristics  of  the  chemical  bond— primarily 
its  stability,  which  may  be  determined,  for  instance,  from  heats  of  dissociation  — are  related  to  the  interatomic 
distance.  As  we  stated  earlier  [1],  in  exceptional  special  cases  different  bond  types  may  be  characterized  by 
equal  interatomic  distances.  It  was  of  extreme  interest  to  us  to  make  a  comprehensive  study  of  such  pairs  of 
bonds  and  to  compare  them.  However,  this  hypothesis  was  not  supported  by  organic  chemists,  and  hence  remained 
insufficiently  developed. 

In  any  case  different  types  of  chemical  bond,  in  general,  correspond  to  different  average  interatomic  dis¬ 
tances.  For  the  series  C-C,  C--C,  C=C,  and  C  =  C  the  interatomic  C— C  distances  will  be  1.54,  1.40,  1.35-1.30, 
and  1,20  A,  resp>ectively.  From  these  numbers  we  may  conclude  that  a  change  in  distance  of  0.1  A  leads,  as  a 
rule,  to  a  qualitative  change  in  the  character  of  the  chemical  bond.  Here  we  have  discussed  chemical  facts  well 
known  to  all  chemists-  multiple  bonds  of  nonmetallic  atoms.  Chemists  have  paid  very  little  attention  to  mul¬ 
tiple  bonds  of  metallic  atoms. 

Multiple  bonds  of  metal  atoms  apparently  were  first  mentioned  by  Pauling  [2].  This  idea  was  developed 
by  Syrkin  and  Dyatkina  [3].  Zachariasen  (see  below)  first  compared  U— O  distances  for  single  and  double  bonds. 

In  recent  years  similar  comparisons  were  made  by  Hanic  [4]  for  compounds  of  chromium  and  certain  other  ele¬ 
ments,  In  the  present  article  we  shall  consider  multiple  bonds  between  the  central  metal  atom  and  the  ligands 
in  complex  compounds. 

In  the  present  article,  speaking  of  complex  compounds  and  being  guided  by  their  analogy  with  organic 
compounds,  we  propose  to  distinguish  among  them  the  group  of  compounds  containing  multiple  bonds  between 
the  central  atom  and  the  ligand.  The  idea  of  a  detailed  consideration  of  the  properties  of  such  compounds  oc¬ 
curred  to  the  author  in  connection  with  the  very  interesting  and  rather  unexpected  results  obtained  in  the  Crystal 
Chemistry  Laboratory  of  lONKh  Academy  of  Sciences,  USSR,  by  Parpiev,  Khodasheva,  and  Atovmyan  [5]  in  a 
structural  investigation  of  complex  ruthenium  and  osmium  compounds. 

This  group  of  compounds  containing  multiple  bonds  differs  from  ordinary  complex  compounds  in  the  same 
way  that  luisaturated  hydrocarbons  and  their  derivatives  differ  from  saturated  ones.  Clearly,  the  characteristic 
ligands  for  this  group  of  complex  compounds  will  be  different  from  those  for  the  group  of  "ordinary  complex 
compounds"  mentioned  at  the  beginning  of  the  article.  In  particular,  if  these  ligands  are  single  atoms,  their 
valence  must  be  at  least  two.  In  polyatomic  ligands  the  valence  of  the  atom,  by  which  the  ligand  is  bound  to 
the  central  atom,  must  be  at  least  three.  The  simplest  compounds  of  this  type  will  be  those  containing  an  oxygen 
or  nitrogen  atom  as  ligand.  However,  if  these  atoms  are  components  of  a  polyatomic  ligand,  the  complex  com¬ 
pounds  may  be  of  the  ordinary  type,  e.g.,  compounds  containing  the  groups  OH2,  OH  ,  NC^  ,  NH3  and  other 
amines,  and  the  like  as  ligands. 

Complex  compounds,  in  which  there  are  multiple  bonds  between  the  central  atom  and  certain  ligands, 
must  have  other  properties  distinguishing  them  from  ordinary  complex  compounds.  Thus,  for  instance,  the  bonds 
in  such  complexes  are  highly  nonequivalent.  For  this  reason,  the  basic  rule  for  "ordinary  complex  compounds", 
to  the  effect  that  all  bonds  in  the  complex  belong  to  the  same  type  and  that  there  is  no  difference  between  pri¬ 
mary  and  secondary  valences,  does  not  apply.  The  characteristic  peculiarity  that  distinguishes  them  from  ordi¬ 
nary  complex  compounds  consists  namely  in  this  fact. 
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Complex  osmium  compounds  are  of  great  interest.  The  coordination  polyhedron  for  complex  compounds 
of  this  metal  is  an  octahedron,  e.g.,  in  Kj  [OSO1CI4] .  Hence,  the  rule  stated  above,  that  the  coordination 
number  in  ordinary  complex  compounds  is  always  greater  than  the  valence  of  the  central  atom,  does  not  hold 
here  in  most  cases.  In  the  given  case,  both  these  quantities  are  equal  to  six,  which  is  one  more  charaaeristic 
peculiarity  of  complex  compounds  with  multiple  bonds  in  the  inner  sphere.  The  coordination  number  may  even 
be  less  than  the  valence  of  the  central  atom,  as  is  the  case,  for  instance,  in  the  tetrahedral  complex  [OSO3N], 
found  In  the  compound  K0s03N.  The  valence  of  osmium  is  eight,  whereas  the  coordination  number  is  four. 

In  KOSO3N  we  encounter  a  very  unusual  ligand- a  single  nitrogen  atom.  Os— N  bonds  of  the  same  character 
are  encountered  in  the  compounds  KjOsNCls  and  KOsNBr4*2  HjO  [5],  whose  remarkable  isomorphism 
was  discovered  by  Atovmyan.  In  the  first  struaure  the  fact  that  one  of  the  five  Os— Cl  distances  is  greatly  short¬ 
ened  is  especially  noteworthy;  on  the  basis  of  this  fact  it  may  be  assumed  that  the  linear  groupN  =0$  -Cl  anal¬ 
ogous  to  osmyl  or  uranyl  [5],  is  present  in  this  compound.  The  degree  of  shortening  of  the  Os-Cl  distance  is 
even  greater  than  that  observed  on  passing  from  a  single  to  a  double  bond.  Similar  shortening  of  the  Os -OH* 
distances  in  the  second  salt  was  not  found. 

The  number  of  complex  compounds  with  multiple  bonds  in  the  complexes  is  apparently  not  so  small;  they 
simply  have  not  received  the  proper  attention  until  now.  Even  now  it  may  be  said  that  the  ability  to  form  mul¬ 
tiple  bonds  is  apparently  characteristic  of  multivalent  metals  which  are  located  in  the  fifth,  sixth,  seventh,  and 
eighth  A-subgroups  of  the  Periodic  System,  and  also  in  the  actinide  group,  and  have  the  greatest  electronegativity. 
Their  most  characteristic  valence  is  six.  For  instance,  let  us  mention  chromium,  molybdenum,  and  tungsten 
compounds  of  the  types  Me  Cr04,  Me’’^'*'  WO4,  and  Mej’*^'*’  [OSOJCI4].  Septivalent  manganese  and  rhenium 
form  compounds  of  the  type  Me'*'  Re  O4  .  Complex  compounds  with  multiple  bonds  in  the  complexes  are 
formed  also  by  sexivalent  uranium  and  certain  other  transuranic  elements. 

The  character  of  the  bond  between  a  given  ligand  and  the  central  atom  may  be  varied;  in  particular,  the 
bond  may  be  single  or  multiple.  This  fact  greatly  complicates  the  isolation  of  the  class  of  complex  comjxjunds 
witli  multiple  bonds  in  the  inner  sphere  from  ordinary  complex  compounds.  As  an  example,  let  us  consider  the 
nitroso  compounds  of  ruthenium.  It  is  generally  known  that  their  chemical  behavior  is  so  divene  that  their  ex¬ 
istence  can  be  explained  only  by  assuming  that  the  nitroso  groups  in  them  have  very  different  electronic  struc¬ 
tures  [G], 

This  question  has  been  considered  theoretically  by  Syrkin  and  Belova  [7],  They  established  two  extreme 
types  of  electronic  structure  for  the  nitroso  group  in  such  compounds: 
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(the  case  of  Me"  =  N'''  =  0  with  the  bond  angle  180*  is  difficult  to  distinguish  from  the  second,  although  it  is  es¬ 
sentially  intermediate  between  the  two  extremes  mentioned  above). 

The  works  of  the  author  together  with  Parpiev  and  Khodasheva  [5,  8,  9]  confirm  these  thetwetical  con¬ 
clusions.  As  Table  1  shows,  experimental  Me— N  — O  bond  angles  have  intermediate  values  between  105  and  180“ 
and  indicate  that  the  bonds  in  these  compounds  are  intermediate  in  character.  But  this  in  turn  gives  rise  to  cer¬ 
tain  difficulties  of  classification,  since  it  predetermines  a  gradual  transition  in  some  cases  from  ordinary  com¬ 
plex  compounds  to  complex  compounds  with  multiple  bonds. 

Our  problem  involves  the  finding  of  such  macroscopic  properties  as  might  make  it  possible  to  determine 
the  character  of  the  nitroso  group  immediately.  In  a  conversation  with  the  author  on  this  subject,  D.  Hodgkin 
advanced  the  hypothesis  that,  if  the  nitroso  group  is  bound  to  the  central  atom  at  an  angle,  the  compounds  will  b^. 
colorless,  whereas  if  this  group  is  attached  "in  a  straight  line,"  they  will  be  colored.  Unfortunately,  this  hypo¬ 
thesis  was  incorrect,  but  the  very  idea  of  determining  the  type  of  the  nitroso-group  bond  on  the  basis  of  some 
easily-measured  property  seems  very  sound  to  us,  and  it  should  be  developed  in  every  possible  way.  It  is  in¬ 
expedient  to  calculate  the  crystal  structure  each  time  in  order  to  learn  the  structure  of  the  nitroso  group,  since 
x-ray  structural  investigations  are  too  laborious  for  this. 
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TABLE  1 


Me  —  N.  A 

N  —  0.  A 

<  Me  — N  —  0 

Compound 

Lit. 

cited 

~135'’ 

ColSjCN  (Cll3)..N01 

10 

2,07 

1,14 

~150° 

lltuNO  (Oil)  (Nll3)4lCl2 

8 

2,0/i 

1,13 

153" 

(Nlhl-IKuNO  (OIOCIjI 

9 

1,70  1 

1,25 

177° 

KalHuNOCIsl 

5 

l,r)7andl,67 

1,20 

~lh0” 

CsFf^Sa  (NO)7ll3() 

11 

We  shall  obtain  typical  complex  compounds  with  multiple  bonds  in  the  inner  sphere  if,  for  instance, in¬ 
dividual  oxygen  or  nitrogen  atoms  act  as  ligands  in  them.  Attachment  of  one  or  two  oxygen  atoms  to  the  metal 
atoms  to  form  very  stable  groups  is  well  known  to  chemists.  It  is  sufficient  to  mention  here  the  bivalent  vanadyl 
and  uranyl  ions,  and  These  groups  are  so  stable  that  some  synthetic  chemists  suggest  that  they  be 

regarded  wholly  as  "central  pseudoatoms"  surrounded  by  the  first  coordination  sphere.  This  idea  is  e  sentially 
incorrect  but  would  quite  naturally  occur  to  chemists  far  removed  from  structural  chemistry,  since  reactions 
leading  to  substitution  of  ligands  alone  in  the  complex  go  much  more  readily  than  the  replacement  of  such 
oxygen  atoms.  The  latter  replacement  requires  very  severe  conditions  leading  to  complete  disintegration  of  the 
complex.  If  the  uranyl  ion  has  six  ligands,  it  is  quite  inconect  to  assume  that  they  have  an  octahedral  arrange¬ 
ment,  or  to  draw  any  chemical  conclusions  from  this,  especially  on  the  types  of  Lsomers  that  may  exist.  Struc¬ 
ture  determination  for  similar  compounds  shows  that  all  ligands,  including  the  two  oxygen  atoms  of  the  uranyl 
group,  are  located  at  the  corners  of  a  more  or  le's  distorted  cube  whose  "uranyl  diagonal"  is  only  10*70  shorter 
than  the  rest  (all  other  conditions  being  equal).  Thas,  it  must  be  assumed  that  the  central  atom,  uranium  in 
this  case,  has  a  coordination  number  of  eight,  and  the  coordination  polyhedron  is  a  deformed  cube  or,  in  the 
limit,  a  hexagonal  bipyramid.  In  this  complex  the  bonds  between  the  central  atom  and  the  ligands  are  wholly 
nonequivalent:  two  of  them  are  multiple. 

When  multiple  bonds  are  present  in  the  complex,  the  rest  of  the  bonds  become  much  more  ionic.  Because 
of  this  the  number  of  such  ligands  will  not  always  be  strictly  constant  for  a  given  type  of  central  atom.  Thus, 
for  instance,  the  uranyl  group  is  often  surrounded  by  four,  five,  or  six  peripheral  ligands  [12].  This  constitutes 
one  more  peculiarity  of  complex  compKJunds  with  multiple  bonds.  It  is  easy  to  understand  why  the  above-men¬ 
tioned  uranium  compounds  are  unstable  and  readily  dissociate  in  aqueous  solutions,  the  uranyl  ion  remaining 
unchanged.  For  this  reason,  as  Khodasheva  observed,  the  formation  of  UOj  complexes  with  thiocarbamide  and 
other  ligands  tending  to  give  covalent  bonds  is  less  probable.  Complex  compounds  of  uranium  may  be  com¬ 
pared  with  those  of  platinum.  In  the  latter  the  coordination  number  is  practically  always  six  for  quadrivalent 
platinum  and  four  for  bivalent. 

An  octahedral  arrangement  of  ligands  is  characteristic  of  complex  osmium  compounds  even  in  those  cases 
in  which  the  complexes  contain  the  osmyl  group.  This  is  due  to  the  fact  that  osmium  is  a  stronger  complex- 
former  than  uranium.  Hence,  even  when  the  osmyl  group  is  present  in  the  complex,  the  bonds  between  the 
other  four  ligands  and  the  central  atom  are  more  covalent  than  in  the  analogous  uranium  compKtunds. 

In  tv.’o  structures  of  nitroso  compounds  of  ruthenium,  determined  by  the  author  together  with  Parpiev,  the 
hydroxyl  group  was  found  in  the  trans-position  relative  to  the  nitroso  group.  By  the  way,  the  type  of  isomer  in 
these  compounds  was  not  established  by  chemists;  its  determination  was  the  result  of  direct  deciphering  of  the 
crystal  structure.  If  there  is  a  stable  bond  between  the  central  atom  and  one  of  its  ligands,  the  density  of  the 
electron  cloud  on  the  opposite  side  of  the  atom  will  inevitably  be  less  than  the  average  value,  and  the  bond 
formed  by  the  central  atom  in  this  coordination  position  of  the  complex  must  be  the  most  ionic.  Hence,  an 
anionic  ligand,  and  not  a  neutral  molecule,  will  more  probably  be  attached  in  this  position;  of  different  com¬ 
peting  anions,  the  one  having  the  greatest  electronegativity  will  most  likely  be  attached.  Hence  the  finding 
of  the  hydroxyl  group  in  the  trans-position  relative  to  the  nitroso  group  evidently  is  not  fortuitous. 

The  study  of  the  Ru~NO  bond  was  continued  with  the  compound  Kj  [RuNOOH(N  02)4]  which  was 
previously  treated  as  K2Ru(N02)5.  where  either  the  ruthenium  must  be  assigned  the  coordination  number  five, 
or  one  of  the  ligands  occupies  two  coordination  positions.  New  chemical,  magnetic,  and  spectral  data  have 
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TABLE  2 


Mo  —  X 

A 

Compound 

Lit. 

cited 

Me  — Ollj 

'-2,10 

KOsNBr. -21120 

5 

Me  -  Oil 

2,03 

(NHi)2|lluNO(OH)(:U] 

9 

1,08 

8 

Me  —  0 

1,85 

K2 (OsOoCUl 

15 

Me  — iNTla 

2,23 

illuNO(OII)(NTl3)4lCl2 

8 

2,07 

(RuN0(01I)(NH3)4lCl2 

8 

Me  —  NO 

2,04 

(NH4l2|RuNO(OH)CU] 

9 

1,70 

KallluNOCUl 

5 

Me  —  N 

~1,60 

K0sNnr4-2H20 
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led  to  the  formula  written  above,  which  contains  NO  and  OH  groups  as  ligands  [13].  The  structure  of  this  com¬ 
pound  was  studied  at  lONKh,  Academy  of  Sciences,  USSR,  by  research  student  Wang  Ang-p’u.  This  work  con¬ 
firmed  that  the  ruthenium  is  surrounded  by  six  ligands  in  an  octahedron.  It  is  remarkable  that,  when  a  hydroxyl 
group  is  present  in  the  structure,  the  bond  between  the  ruthenium  and  the  nitroso  group  tends  to  become  ordinary 
(see  the  Ru— N“0  bond  angles  and  interatomic  distances  in  Table  1).  Appjarently  these  peculiarities  are  con¬ 
nected  with  the  character  of  the  Ru— OH  bond.  When  a  hydroxyl  group  is  present  in  the  complex,  an  ordinary 
Ru-N  bond  is  formed  instead  of  a  triple  Ru=N  bond.  We  must  consider  ruthenium  quadrivalent  in  this  case,  but 
sexivalent  in  the  compound  K2  [RUNOCI5],  The  Ru=No  triple  bond  apparently  occurs  only  in  compounds 
in  which  there  is  no  bond  between  the  central  atom  and  oxygen.  If  this  reasoning  is  correct,  one  may  expaect 
the  Pt*V_No  bond  angle  in  complex  compounds  of  platinum  with  the  nitroso  group  to  be  less  than  150“  and  the 
Pt— N  distance  to  be  greater  than  2  A,  since  a  change  in  the  valence  of  the  central  atom  from  four  to  six  is  im¬ 
probable  in  these  compounds. 

A  comparison  of  the  Me— N  and  Me— O  interatomic  distances,  where  Me  =  Ru  or  Os,  with  resp»ect  to  the 
group  containing  the  nitrogen  or  oxygen  atom,  is  given  in  Table  2.  In  such  comp>ariosns  the  atomic  radius  of  the 
metal  is  usually  equated  to  the  covalent  radius,  which  is  quite  correct  for  ordinary  complex  compxjunds.  The 
atomic  radii  of  Ru  and  Os  are  equal  to  1.34  and  1.35  A,  respjectively,  and  the  covalent  radius  of  nitrogen  in  an 
ordinary  bond  is  0.70  A.  The  sum  of  the  radii  agrees  well  with  the  exp>erimental  distance  (Table  2).  With  am¬ 
monia  the  bond  apparently  has  the  character  of  ion-dipxile  interaction. 

The  atomic  radius  of  nitrogen  decreases  with  respect  to  the  bond  typje  as  follows:  ordinary  bond  0.70,  ses- 
quiple  0.66,  double  0.63,  and  triple,  0.55  A.  If  the  minimum  value  for  nitrogen  is  taken  and  added  to  the  at¬ 
omic  radii  of  osmium  and  ruthenium,  the  sums  obtained  for  the  last  three  compxjunds  are  much  greater  than  the 
exp)crimental  values.  Only  one  conclusion  can  be  drawn.  The  discrepancy  is  due  to  the  fact  that  we  have  used 
an  incorrect  value  for  the  size  of  the  metal  atom. 

In  the  literature  there  are  no  data  on  changes  in  the  size  of  metal  atoms  with  multiple  bonds.  For  non- 
metallic  atoms,  there  is  a  well-known  rule  to  the  effect  that,  as  the  bond  multiplicity  increases  from  single  to 
double,  the  atomic  radii  decrease  by  an  amount  slightly  less  than  0.1  A.  As  regards  metals,  this  subject  is 
scarcely  mentioned  anywhere.  Works  by  Zachariasen  [14],  in  which  the  covalent  radii  of  actinide-metal  atoms 
in  different  valence  states  are  given  for  the  ordinary  bond,  are  the  only  exception.  By  this,  the  author  obviously 
implies  that  the  values  will  be  different  in  the  case  of  the  nonordinary  bond;  however,  he  does  not  give  them. 

He  further  discusses  the  character  of  the  U— O  bond  in  the  uranyl  group  and  comes  to  the  conclusion  that  double 
bonds  are  present  therein. 

The  answer  to  the  question  of  changes  in  the  size  of  metal  atoms  with  multiple  bonds  is  given  by  the  ex¬ 
perimental  data  of  Table  2.  It  follows  from  the  latter  that  the  "radius*  of  =Ru^  is  about  1.15  A,  whereas  the 
"radius"  of  =C)s®^  is  about  1.05  A.  These  values  are  obtained  as  the  differences  1.70  -  0.55  and  1.60  -  0.55  A, 
respectively,  whence  it  follows  that  the  "radius"  of  Ru  or  Os  in  the  sexivalent  state  with  a  triple  covalent  bond 
is  about  0.2-0. 3  A  less  than  its  usual  value  for  an  ordinary  bond. 


67 


The  "radius*  of  =Os^  with  a  double  bond  may  be  obtained  for  the  structure  of  K2OSO2CI4  [15].  The 
0s  =  0  distance  in  the  latter  is  about  1.85  A,  whereas  the  radius  of  an  oxygen  atom  with  a  double  bond  is  0.59  A, 
whence  the  radius  of  =  Os®^,  of  interest  to  us,  Is  about  1.26  A.  In  the  case  of  the  ordinary  bond  the  covalent  radii 
of  uranium,  according  to  Zachariasen,  will  be:  for— 1.62,  1.50,  and  -U®^  1.42  A.  To  this  series  of 

numbers  may  be  added  R(=U®  )  =  1.32  A,  obtained  as  the  difference  between  the  U— O  distance  in  the  uranyl 
group,  1.91  A,  and  the  covalent  radias  of  oxygen  with  a  double  bond,  0.59  A. 

Hence  it  follows  that  the  decrease  in  the  covalent  radius  of  a  metal  on  increase  of  the  bond  multiplicity 
by  one  approximately  coincides  with  its  decrease  on  increase  of  the  valence  by  one.  These  quantities  may  be 
determined  more  precisely  when  the  parameters  of  the  atoms  in  the  structures  of  the  corresponding  comf)ounds 
are  more  accurately  known.  It  is  interesting  to  note  that  the  changes  in  the  size  of  metal  atoms  with  covalent 
multiple  bonds  are  even  greater  than  in  the  case  of  nonmetals.  Insofar  as  they  are  determined,  these  quantities 
evidently  will  play  a  certain  part  in  the  study  of  the  chemistry  of  ruthenium,  osmium,  molybdenum,  tungsten, 
uranium,  and  other  metals  which  can  form  multiple  bonds.  It  would  be  extremely  interesting  to  study  organo- 
metallic  compounds  with  the  Me  =  C<  bond. 

The  above  leads  to  a  crystallochemical  criterion  for  judging  the  types  of  complex  compounds  in  doubtful 
cases.  On  the  basis  of  interatomic  distances  we  can  judge  whether  a  compound  is  an  "ordinary"  complex  one 
or  a  complex  compound  with  multiple  bonds  in  the  inner  sphere.  It  must  be  considered  that  a  qualitative  change 
of  the  bond  occurs  when  the  interatomic  distances  are  changed  by  an  amount  of  the  order  of  0.2  A  (0.1  A  on 
account  of  the  decrease  in  radius  of  the  metal  and  0.1  A  for  that  of  the  nonmetal).  The  stated  values  charac¬ 
terize  transition  from  a  single  to  a  double  bond. 

Let  us  turn  to  the  question  of  bond  tyjjes.  It  was  noted  above,  that  on  formation  of  a  multiple  Me-  ligand 
bond  the  bonds  of  all  the  other  ligands,  particularly  the  ligand  situated  in  the  trans -posit ion  relative  to  the  first, 
become  more  ionic.  This  sharp  increase  in  the  asymmetry  of  the  external  electron  shell  of  the  atom,  which 
obviously  is  accompanied  by  a  change  in  the  character  of  hybridization  of  the  wave  functions  taxing  part  in  the 
bond,  causes  asymmetry  in  the  electric  field  and  hence  splitting  of  levels  in  the  inner  shells  of  the  atom.  This 
means  that  the  electron  cloud  formed  by  the  inner  electrons  is  affected  tosome  extent  when  multiple  bonds  appear. 
This  is  equivalent  to  the  hypothesis  that  all  electrons  of  the  atom  take  part  in  the  chemical  bond,  but  under 
"ordinary  conditioas,"  i.e.,  with  weak  bonds,  we  do  not  notice  the  effect  of  the  inner  electron  shells.  The 
change  in  the  symmetry  of  the  electron  cloud  in  the  atom  should  probably  have  some  effect  on  the  atomic  nu¬ 
cleus  and  be  manifested  in  the  first  place,  for  in'-tance,  in  a  change  in  the  magnetic  properties  of  the  nucleas 
and  certain  other  characteristics  of  the  latter.  1  he  very  weak  interactions  among  the  particles  of  a  substance 
can  now  be  studied  experimentally  by  radio-spectroscopic  methods. 

Atoms  joined  by  such  a  stable  bond  as  the  Os^N  form  a  group  whose  exceptional  stability  and  structural 
isolation  in  complex  compounds  we  showed  above.  It  may  be  thought,  therefore,  that  under  certain  severe  condi¬ 
tions,  where  ordinary  chemical  bonds  are  ruptured,  these  formations  of  the  types  Os®^  =  0  and  Os®^=  N  may  exist 
independently  in  the  form  of  molecular  ions;  in  this  case  metal -oxygen  and  metal— nitrogen  bonds  should, 
naturally,  be  even  further  strengthened.  Such  particles  may  appear,  for  instance,  in  the  first  stages  of  element 
formation  as  a  result  of  nuclear  transformations,  and  in  all  measurements  involving  the  mass  of  atoms  or  ions 
they  should  be  very  difficult  to  distinguish  from  pwlonium  and  bismuth  ions,  respectively.  Analogous  molecular 
ions  probably  can  be  formed  also  from  ions  of  other  multivalent  metals  with  other  light  atoms  —primarily  carbon 
and  boron. 

If  a  complex  compound  with  multiple  bonds  is  heated,  such  groups  of  atoms  probably  dissociate  last  and 
hence  may  be  called  "fragmentary  radicals."  If  we  proceed  from  the  opposite  direction,  i.e.,  from  higher 
temperatures,  such  particles  will  be  formed  first  on  cooling  of  the  corresponding  systems.  The  practical  value 
of  our  structural  investigations  may  consist  in  this;  data  obtained  at  ordinary  temperatures  can  be  used  in  high- 
temperature  chemistry. 

Compounds  of  the  considered  type  e.g.,  nitroso  compounds  of  ruthenium,  are  of  practical  importance 
even  now.  It  is  well  known,  for  instance,  that  in  the  treatment  of  nuclear  fuel  with  nitric  acid  in  order  to  re¬ 
move  radioruthenium  in  the  form  of  K2RUO4,  the  greater  part  of  the  ruthenium  is  converted  to  nitroso  compounds 
and  therefore  cannot  be  completely  removed  in  this  way.  The  high  stability  of  these  compounds  gives  rise  to 
great  difficulties  in  purifying  industrial  solutions  [16,  17]. 
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In  conclusion,  we  should  like  to  note  that  the  purpose  of  the  present  article  is  to  provoke  discussion  of  the 
questions  dealt  with,  for  the  purpose  of  sounder,  more  efficient  planning  of  scientific  research  work  in  this  field, 
which,  in  the  author's  opinion,  receives  less  attention  than  it  deserves,  despite  its  obvious  importance. 
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In  the  case  of  the  three-dimensitmal  Patterson  function  for  the  recently-deciphered  structure  of 
the  Zr  silicate  lovozerite,  experimental  values  of  the  maxima  of  this  function  are  compared 
with  values  calculated  by  the  proposed  formulas.  The  effect  of  the  temperature  factor  is  analyzed. 


The  role  of  the  Patterson  function  indirect  methods  of  structural  analysis,  which  has  grown  enormously  in 
recent  years,  has  made  this  function  the  object  of  many-sided  study  (works  of  Buerger  [1],  Simonov  [2],  et  al.,). 
For  even  more  extensive  use  of  it  in  direct  methods  it  is  desirable  to  have  reliable  methods  for  the  theoretical 
calculation  of  "forms"  of  the  Patterson  function,  which  would  give  numbers  coinciding  satisfactorily  with  that 
given  by  a  harmonic  analysis  based  on  experimental  values  “some  form  of  measured  intensities  of  the  diffraction 
pattern.  In  the  first  place  formulas  are  required,  which  estimate  the  value  (height)  of  the  Patterson  peaks  and 
their  form  for  the  different  atom  pairs  generating  each  individual  peak.  The  necessary  evaluations  are  obtained 
quite  rapidly  and  easily  by  using  the  methods  of  calculating  integral  characteristics,  well  developed  in  [3,  4], 
and  atomic  factor  tables  [5]. 

For  this  the  Patterson  function 

=  -p"  S  S  S  X  2ir  {H?) 

will  be  considered  to  represent  the  electron  density  as  a  function  of  a  certain  centrosymmetric  structure  with  all 
positive  amplitudes 
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Such  a  "structure"  has  an  "atom"  at  the  beginning  of  the  unit  cell,  with  the  scattering  power  ^  /n  and 

N(N-l)  more  atoms  with  the  scattering  power the  positions  (r^  —  Tj).  Obviously  values  of  Patterson- 
function  maxima  and  their  form  can  be  calculated  by  the  formulas  derived  in  [3]  for  the  electron  density  func¬ 
tion,  by  replacing  fj  by  /n  X  /j  everywhere. 

In  order  to  calculate  the  height  of  a  maximum  produced  by  a  certain  pair  of  atoms,  the  following  ap¬ 
proximate  formulas  from  [3,  4]  may  be  used; 
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(3) 


P\^  (0)  =  kZlypeX  2/A2. 

Here  Pjj  (0)  =  P  (rij),  the  average  "atomic"  number  Zav=  and  k,  ot,  and  p  are  taken  from  the 

tables  for  Gj  in  [3].  However,  far  more  accurate  values  are  obtained  by  approximately  calculating  the  integral 
itself ; 
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Here,  as  asual,  s  =  4ff  sin  0/X  Sj^  is  the  value  of  ^  in  the  kth  interval  of  some  "width*  Asj^  (the  entire  region 
used  in  the  experiment,  is  divided  into  these  intervals):  /j  and  /j  include  (here  and  everywhere  below)  the 
temperature  factor,  determined,  for  instance,  by  the  Wilson  method  [6]  or  from  comparison  of  Fg^p  with  Fgaig; 
i.e.,  f  1  =  f  i,  table  sin*0/\^),  and  similarly  f  j.  Calculation  by  Formula  (4)  is  laborious  and  requires 

preliminary  construction  of  graphs  of  the  function 


/'(■')  =  2!,  A  (5) 

(a  simpler  approximate  calculation  by  means  of  (3)  gave  a  deviation  up  to  20%  in  our  case).  Graphs  of  D(s), 
shown  in  Figs.  1  and  2,  were  constructed  for  several  values  of  the  temperature  factor  B.  As  the  latter  increased, 
the  maximum  value  of  D(s)  is  appreciably  decreased  and  the  half-width  of  the  maximum,  which,  to  a  certain 
extent  and  in  any  case  most  simply,  characterized  the  sharpness  of  the  peak,  is  somewhat  decreased. 


Fig.  1.  Radial  function  D(s)  for  the  Si— Si  peak.  In  Curves 
1,  2,  and  3,  B  =  1.0,  1.75,  and  2.0  A*,  respeaively. 

Values  of  Pjj  (0),  calculated  by  Formula  (4)  for  four  peaks  from  atoms  with  different  values  of  Z  and  for 
different  values  of  the  temperature  factor,  are  given  in  Table  1.  To  calculate  the  form  of  maxima  of  the  three- 
dimensional  Patterson  function,  assuming  that,  as  usual,  they  have  spherical  symmetry  in  the  first  approximation, 
it  is  necessary  to  evaluate  the  expression 


or  approximately: 
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TABLE  1 


Using  tables  of  the  function  sin  (sr)/sr  [7],  we  calculate  the 
radial  distribution  of  the  function  Pjj  (r)  near  the  maximum.  Com¬ 
parison  of  the  form  of  the  peak  for  different  values  of  the  temperature 
factor  B  shows  that  thermal  motion  strongly  affects  not  only  the  maxi¬ 
mum  value  of  the  peak,  but  also  its  form  (Fig.  3).  The  half-width  of 
the  maximum  6  increases  with  B: 

/^(A2)  1,0  1,75  2,0 

8(A)  0,32  0,37  0,38 

For  comparison  of  calculated  value  of  the  Patterson  maxima 
and  their  form  with  experimental  ones,  the  three-dimensional  Patterson  synthesis  of  the  recently-decipliered 
silicate  Na2ZrSigO|5-  31120*  O.SNaOH  [12]  was  used.  The  P-function  was  drawn  to  the  absolute  scale  in  which 
all  calculations  were  performed.  To  increase  the  accuracy,  the  drawing  was  carried  out  according  to  a  some¬ 
what  modified  formula  [3,  4]: 
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here  P  (000)  gj^p  is  the  value  of  the  unnormalized  function  at  the  beginning  of  the  Patterson  unit  cell  I’ooo  = 

N 

^  unit-cell  volume,  and  the  P^  (0)  are  calculated  by  Formula  (4).  Thas  the  absolute 

i  I 


value  of  tlie  function  P  at  any  point  will  be: 

(•^y2)abs==  Ifl*  (a’!/z)exp  I-  •  (9) 

The  appearance  of  the  additional  term  Fooo/V  is  due  to  the  fact  that  in  finding  P(xyz)  gj^p  one  cannot  take  into 
account  the  zeroth  term,  since  it  cannot  be  given  in  relative  units. 

It  is  more  difficult  to  establish  the  exact  value  of  the  constant  temperature  factor  B.  The  best  solution 
probably  would  be  to  determine  it  from  the  form  of  the  initial  peak  of  the  Patterson  function,  with  regard  to 
which  we  usually  know  beforehand,  of  which  Pjj  (0)  maxima  it  is  composed.  But  for  this  we  must  have  a  normali¬ 
zed  value  of  P(OOO),  and  normalization  is  imjxjssible  without  knowing  the  temperature  factor.  In  the  Patterson 
function  of  lovozerite,  chosen  for  illustration,  the  temperature  factor  was  established  after  several  successive 
approximations  through  a  certain  variation  of  it  relative  to  the  approximately-known  value  determined  by  the 
Wilson  method  [6];  the  result  obtained  was  B  =  1.75  A^.  The  rather  close  coincidence  of  form  of  the  zeroth  peak 

IS 

P  (xyz)abs  ^nd  the  theoretical  peak  ^  /'ii  (r)  obviously  may  serve  to  confirm  the  correctness  of  the  assumed 

i=l 

(average  for  all  atoms)  isotropic  temperature  factor. 

A  comparison  of  the  form  of  experimental  and  theoretical  peaks  (taking  their  multiplicity  into  account) 
is  given  in  Figs.  5  and  6.  As  was  to  be  expected,  curves  of  "heavier"  maxima  give  the  best  correspondence; 
two  peaks  (Zr— Si)  with  coordinates  x=0.29,  y=0,  z=0.73  and  x  =  0.49,  y  =  0,225,  z=0.71  (which  made  it  possi¬ 
ble  to  find  the  approximate  coordinates  of  the  Si  atoms),  and  also  two  summary  peaks  (Zr-Na)+ (Si-Si)  with 
the  coordinates  x  =  0,  y=0,  z=0.50  and  x=0.25,  y=  0.25,  z=0.25.  For  "lighter"  peaks  of  the  three-dimensional 
synthesis  of  Zr— O,  Si— Si,  and  Na  — Na  the  errors  in  F^exp  ^^ve  a  substantial  effect,  which  (together  with  devia¬ 
tion  from  a  centrosymmetric  arrangement  of  atoms  [12])  leads  to  distortion  of  their  form.  However,  the  height 
of  the  maximum  remains  close  to  the  theoretical  value  (within  the  limits  of  error). 

A  series  of  calculations,  carried  out  with  respect  to  P(xyz)  for  lovozerite,  showed  that  uncontrolled  ap¬ 
proximations  often  lead  to  relatively  large  errors.  As  an  example  we  give  those  values  of  P  (xyz),  which  result 
from  calculations  based  on  the  well-known  Booth  approximations  for  the  electron  density  function  [8,  9] 
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Fig.  2.  Radial  function  D(s)  for  B  =  1.75  A*  and  various  Z^XZj 
values:  Zr-Si(l),Zr-Na(2),  Zr-0(3),  Si-Si(4),  Si-0(5). 
0-0(6). 


Fig.  3.  Effect  of  thermal  motion  on  the  form  of 
the  peak  of  the  Patterson  function  Psj_5j  (r). 

In  Curves  1,  2,  and  3,  B  =  1.0,  1.75,  and  2.0  A*, 
respectively. 


Fig.  4.  Function  P^j  (r),  calculated  in  the 
vicinity  of  the  maximum  for  peaks  Zr— Si 
(1).  Zr-Na(2).  Zr-0(3).  Si-Si(4).  Si-O 
(6),  0-0(6),  B  =  1.75  A^ 


Fig.  5.  Function  Pzr— Si  (0-  Solid  lines— 
theoretical  curve;  dashed  lines— experi¬ 
mental  curves. 


Fig.  6.  Function  Pz,j_Na  (r)+  Psi- Si  (r).  Solid 
line -theoretical  curve;  dashed  lines— experimental 
curves.  The  theoretical  curves  of  the  (Si— Si)  and 
(Zr— Na)  peaks  are  superposed  with  a  displacement 
corresponding  to  the  vector  £  (see  [121). 
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The  arbitrary  parameters  in  these  functions  may  be  determined  by  using  the  normalization 
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and  the  value  of  p  (0),  taken  from  [3].  The  functions  then  acquire  the  form: 

pi  ('')  =  exp  [—  t:  (A'pZi  r2) 

pr(r)  =  (kpZtf'  -I- 

Calculating  the  value  of  Pjj  at  the  center  of  the  maximum 


(0)  =  jj  Pi  {'•)  P2  ('•)  4i:r2  dr, 
0 

we  obtain  for  the  Booth  approximation 
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p'i  (0)  =  kp  (Z,  Zj)«+>  i(z?Zif-  +  (Z,  Z5  fr’'* 


(16) 


and 


(16a) 


and  for  the  Kitaigorodskii  approximation 
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and 
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Numerical  values  of  P'jj  (0)  and  P"\j  (0)  are  given  in  Table  2. 


TABLE  2 
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2970 
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W) 

537 
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44,5 

78 

27,5 

Zr  — () 

320 

318 

470 

165 

Na  —  Na 

121 

124 

159 

56 

Testing  on  the  comparatively  complex  structure  of  lovozerite  showed  that  the  method  of  quantitative 
evaluations  can  be  used  to  great  advantage  in  the  deciphering  of  three-dimensional  Patterson  syntheses  of  un¬ 
known  structures. 
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We  have  studied  the  reflection  spectra  of  crystallized  two-component  glasses  containing  from  12 
to  55  mole  %  Na20.  We  have  also  shown  that  the  phase  diagram  of  the  Na20  —  Si02  system  does 
not  reflect  the  entire  set  of  crystalline  silicates  capable  of  existing  in  this  system. 

INTRODUCTION 

The  infrared  spectra  of  silica  [1-17]  and  silicates  [18-27]  in  the  8-30  p  region  contain  a  series  of  bands 
corresponding  to  the  fundamental  frequencies  of  silicon  and  oxygen  atoms  in  the  crystal  lattics  of  these  com¬ 
pounds.  The  number  of  bands,  their  position  in  the  spectrum,  their  structure,  intensities,  and  polarization  de¬ 
pend  on  the  crystal  structure.  Hence,  not  only  different  compounds,  but  also  different  crystalline  forms  of  any 
one  compound  will  give  distinct  spectra  [11,  13,  14].  This  fact  makes  it  possible  to  use  infrared  spectroscopy 
for  the  physicochemical  analysis  of  silicates. 

We  have  studied  the  crystallization  of  glasses  in  the  Na20— SiC^  system  and  the  resulting  products.  Our 
results  will  be  presented  in  several  papers,  the  first  of  which  deals  with  the  study  of  the  reflection  spiectra  of  the 
glass  crystallization  products;  subsequent  papers  will  describe  the  study  of  the  crystalliMtion  process  itself  and 
some  solid  state  reactions. 


EXPERIMENTAL 

The  Glass.  In  our  study  we  have  used  primarily  glasses  containing  from  12  to  50  mole  %  Na20.  All  of 
them  were  fused  under  ordinary  industrial  conditions,  either  in  one  hundred-liter,  or  twenty-two-liter,  or  five- 
liter  quartz  pots.  In  addition  to  this,  a  large  amount  of  similar  glasses  (as  well  as  glasses  containing  55.60  and 
66.6  mole *70 Na20)  were  also  fused  under  laboratory  conditions  in  platinum  crucibles,  in  a  platinum  resistance 
furnace,  by  using  a  high-speed  platinum  stirrer  (of  these  glasses  the  last  three  crystallized  out  while  the  melt 
was  cooling).  In  this  case  the  mixture  was  prepared  from  ultrapure  materials.  We  obtained  our  SiO^  by  grinding 
high-quality  quartz  crystals  between  millstones  made  of  the  same  quality  quartz.  Sodium  carbonate  was  purified 
by  the  Voano  method.  In  certain  melts  we  also  used  the  Kalbaum  brand  of  soda.  Both  the  industrial  and  the 
laboratory  quality  glasses,  particularly  those  containing  14.20,  25.5,  30,  33.3,  and  50  mole  %  Na20,  were  fused 
several  times;  in  this  way  results  obtained  from  various  melts  could  be  compared.  Glass  samples  fused  in  the 
glass-maker  were  checked  for  waviness  under  the  same  conditions  as  are  ased  for  testing  optical  glass.  Experi¬ 
mental  samples  were  made  up  of  flawless  glass.  Not  all  of  our  glasses  were  annealed.  The  glasses  were  crys¬ 
tallized  in  a  continuous  constant  temperature  annealing  oven.  The  temperature  was  regulated  and  maintained 
constant  to  within  several  degrees  by  means  of  an  automatic  model  SP-3  ~  P-1  potentiometer.  The  temperature 


76 


itself  was  measured  on  a  portable  model  PP-1  potentiometer.  The  absolute  temperature  could  be  determined 
with  a  precision  of  several  degrees.  The  samples  were  inserted  into  the  oven  on  platinum  foil.  The  thermal 
processing  was  varied  from  1  to  1000-3500  hr  at  a  constant  temperature. 

When  the  Na20  content  was  33.3  mole  %  or  higher  the  glass  would  crystallize  completely  after  only  one 
or  several  hours.  However,  our  experiments  have  shown  that  in  many  cases  upon  being  left  at  a  constant  tempera¬ 
ture  many  newly  formed  crystals  changed  their  form.  And  therefore  in  an  attempt  to  determine  the  nature  of 
these  changes  in  several  cases  we  extended  considerably  the  duration  of  the  heat  treatment. 

Samples.  The  experimental  samples  were  made  in  the  form  of  flat  discs  20-30  mm  in  diameter  and  5-10 
mm  thick.  All  the  glasses  were  polished  under  anhydrous  kerosene.  The  reflections  were  measured  immediately 
after  the  samples  were  polished.  All  the  discs  were  kept  in  a  desiccator  before  and  after  the  heat  treatment.  To 
prevent  the  possibility  of  surface  film  interference  with  the  crystallization  process, every  sample  of  once  polished 
glass  was  repolished  right  before  being  inserted  into  the  oven.  Since  it  frequently  happens  that  when  a  sample 
crystallizes  the  outer  layers  contain  one  kind  of  silicate  while  the  interior  another,  we  studied  portions  of  both 
the  crust  and  the  underlying  layers.  When  reflections  from  the  crust  were  studied  the  discs  were  not  repolished 
after  the  heat  treatment.  Due  to  diffused  reflections  from  such  surfaces  some  of  the  light  was  lost  during  the 
measurements,  and  consequently  the  corresponding  selective  reflection  curves  frequently  had  slightly  lower  in¬ 
tensities;  otherwise  the  curves  retained  the  correct  shap>es.  After  the  reflection  spectrum  of  the  outer  layers  was 
recorded  these  were  removed  from  the  samples  by  grinding.  Usually  a  layer  1-2  mm  thick  was  ground  away. 
After  that  the  discs  were  repolished  and  the  reflection  spectra  of  the  inner  portions  were  studied.  In  certain  cases 
the  results  were  checked  by  examining  5-10  layers  at  different  depths. 

Apparatus.  The  glass  reflections  were  studied  in  the  7-15p  region,  where  some  of  the  fundamental  silicate 
absorption  bands  are  located.  We  used  in  our  work  a  model  IKS-11  spectrometer  having  a  NaCl  prism  with  a  60" 
refracting  angle.  A  Kozyrev  vacuum  thermocouple  served  as  energy  receiver.  The  reflections  were  measured 
in  unpolarized  light  at  an  almost  25°  angle.  The  reflections  from  our  samples  were  compared  with  reflections 
from  an  aluminum  reflector.  All  of  our  measurements  were  recorded  visually  and  checked  several  times. 

EXPERIMENTAL  RESULTS 

Phase  diagrams  of  the  Na20— SiO^  system  reveal  the  existence  of  the  following  compounds;  Na20’2Si0^, 
Na20*SiO^,  3Na20*Si0^,  and  2Na20*SiO^  [28-31];  also  some  workers  [29-30]  mention  only  one,  others  [30],  at 
least  tv/o  modifications  of  sodium  disilicate.  This  last  paper  also  mentions  the  existence  of  mixed  crystals  in 
the  examined  system.  These  crystals  are  sjxead  on  both  sides  of  the  sodium  disilicate  composition  though  not 
very  far.  A  study  of  the  transmission  and  reflection  spectra  [26,  27]  of  crystallized  glasses  containing  from  12 
to  66.6  mole  Na20  showed  that  crystalline  sodium  silicates  are  actually  much  more  numerous  and  diverse 
than  has  been  previously  assumed  on  the  basis  of  other  experimental  methods.  The  lack  of  fuller  knowledge  of 
these  silicates  and  of  their  transformations  is  to  a  large  extent  responsible  for  the  many  problems  that  one  faces 
in  the  study  of  sodium  silicate  glasses. 

Figures  1  and  2  show  the  reflection  spectra  of  glasses  containing  from  12  to  55  mole  ^  Na20,  which  cry¬ 
stallized  completely  at  620°.  The  abscissa  gives  the  wave  length  \  in  microns,  while  the  ordinate  gives  the  re¬ 
lative  reflection  coefficient  R  in  percent.  All  the  spectra  are  from  the  inner  portioas  of  crystallized  samples, 
layers  at  least  1-2  mm  from  the  surface.  The  length  of  heat  treatment  r  (in  hours)  is  given  beside  each  curve. 
The  differences  in  the  length  of  heat  treatment  are  unimportant,  since  we  were  primarily  interested  in  showing 
what  general  kinds  of  silicates  can  exist  in  the  system. 

Curves  4,  5,  and  6  (Fig.  1)  show  some  typical  spectra  of  crystallized  glasses  of  the  sodium  disilicate  com¬ 
position.  Crystallized  glasses  from  various  melts  either  exhibited  spectra  which  could  be  related  to  one  of  these 
three  types  or  had  spectra  which  gradually  changed  into  one  of  the  three  given  types. 

An  optical  crystal  analysis  (carried  out  by  E.Ya.  Mukhin)  revealed  that  crystals  yielding  spectrum  4  and 
5  have  the  same  outside  appearance  and  refractive  index  and  have  optical  properties  identical  with  Na2O-2Si0^. 
On  the  other  hand  crystals  yielding  spectrum  6  differ  from  the  preceding  two  types  in  their  outside  appearance— 
they  grow  in  the  form  of  fibers  instead  of  plates  like  the  others.  The  corresponding  refractive  index  data  is 
rather  contradictory.  Earlier  determinations  indicate  that  it  is  identical  with  the  refractive  index  of  sodium 
disilicate,  while  more  recent  results  indicate  it  is  higher.  This  problem  will  be  resolved  later  on. 
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A  comparison  of  Curves  4,  5,  and  6  shows  that  they  differ  in  the  structure  of  their  strongest  bands  and  in 
the  position  of  their  maxima  (9.60-9.65  p,9.80  p,  and  10.20  p);  consequently  we  must  be  dealing  with  different 
crystal  structures. 

We  would  like  to  point  out  that  none  of  these  spectra,  or  the  spectrum  of  Na20*  SiO^  for  that  matter,  agree 
with  the  infrared  spectra  calculated  by  Stepanov  and  Prima  [32]  and  used  as  a  basis  for  the  interpretation  of 
sodium  silicate  glass  structures. 

Curves  10  and  1 1  (Fig.  1)  show  the  spectra  of  various  crystallized  glasses  of  the  sodium  metasilicate  composition. 
The  first  of  these  two  curves  was  recorded  on  a  glass  sample  prepared  from  high-purity  materials;  normal  grade 
materials  were  used  for  the  glass  represented  by  the  second  curve.  According  to  Mukhin’s  data  the  crystals  which 
form  under  these  conditions  represent  the  normal  sodium  metasilicate.  The  most  intense  reflection  maximum  of 
Na20*SiO^  lies  at  10.20-20.25  p  Besides  it,  the  spectrum  contains  another  intense  maximum  at  11.4  p.  The 
latter  most  likely  does  not  belong  to  the  metasilicate  but  to  sodium  carbonate,  which  is  always  present  in  crys¬ 
tallized  glasses  containing  50  mole  °lo  Na20.  This  conclusion  is  confirmed  by  the  fact  that  the  sodium  carbonate 
spectrum  contains  three  strong  bands,  at  7  p,  11.4  p,  and  14  p  respectively.  All  these  bands  can  be  found  in  the 
spectra  of  crystallized  glasses  containing  50  mole*7o  or  more  of  Na20,  and  their  intensities  increase  with  the  Na20 
content.  In  addition  to  this,  just  as  in  the  case  of  sodium  carbonate,  the  intensities  of  the  7p  and  the  14  p  bands 
increase  sharply  when  the  water  content  of  the  examined  sample  is  raised. 

The  spectra  of  products  obtained  from  the  crystallization  of  all  the  other  glasses  could  not  be  represented 
as  a  simple  super -posit ion  of  the  sjjectra  of  SiO^,  Na20‘2SiOj,  Na20*SiC)^,  and  2Na20*SiCl^,  all  of  which  are 
known  from  the  phase  diagrams. 

Besides  these,  the  system  may  contain  either  compounds  with  a  high  silica  content  or  a  high  Na20  content. 

Thus,  for  example,  curve  12,  which  represents  the  spectrum  of  a  crystallized  glass  containing  55  mole'Vo 
Na2(^  reveals  that  besides  the  metasilicate  (the  10.25  p  peak)  the  crystallization  product  also  contains  some  other 
silicate  richer  in  Na20  (the  10.75  p  band);  this  last  one  differs  also  from  2Na20’SiO^,  the  spectrum  of  which  has 
the  strongest  maximum  at  10.3  p. 

Tlie  high  Na20  content  of  this  silicate  can  be  deduced  from  the  following  observations: 

1)  With  increasing  content  of  the  metal  oxide  component  the  strongest  absorption  band  of  a  silicate  usually 
shifts  towards  longer  wave  lengths. 

2)  The  observed  chemical  reactions  (taking  place  in  the  solid  phase)  between  silicates  with  bands  at  X  > 
s  10. 4p  and  silica  indicate  that  the  formation  of  silicates  with  a  maximum  at  10.2-10.3  p  reduces  the  amount  of 
both  of  the  initial  components. 

The  spectrum  of  the  glass  containing  45  mole  %  Na20  also  shows  that  besides  sodium  disilicate  (the  9.65  p 
maximum)  the  crystallized  glass  contains  some  other  kind  of  silicate  rich  in  Na20  having  a  reflection  maximum 
at  10.55  p.  It  is  still  impossible  to  tell  if  these  large  silicates  constitute  distinct  chemical  compounds  or  if  they 
are  just  solid  solutions.  At  this  stage  it  was  simply  important  to  establish  the  fact  that  these  silicates  actually 
exist. 

The  spectra  of  crystallized  glasses  containing  less  than 33.3  mole 7oNa20 cannot  be  reproduced  either  by 
superimposing  the  spectrum  of  silica  on  that  of  sodium  disilicate,  as  one  would  have  expected  from  the  phase 
diagram.  For  example,  the  spectrum  of  a  glass  containing  25.5  mole  °lo  Na20  (the  composition  at  the  eutectic 
between  the  silica  and  the  sodium  disilicate  phases)  can  not  be  reproduced  by  superimposing  curves  4,5,  and  6  of 
Fig.  1  over  curves  1,  2,  and  5  of  Fig.  3,  which  represent  some  very  stable  compound  with  a  silica  content  higher 
than  that  of  sodium  disilicate.  Budnikov  and  Matveev  have  proposed  [33]  that  the  compound  may  be  Na20'  3SiO^, 
but  it  is  also  possible  that  the  compound  is  Na20'4Si0^,  since  such  a  silicate  is  indeed  found  in  crystallized 
glasses  containing  22  and  20  mole  °lo  Na20.  The  actual  composition  range  of  this  compound  will  be  discussed  in 
a  later  communication. 

When  the  Na20  content  of  glasses  is  reduced  to  12-14  mole  %  we  get  some  other  unknown  crystalline  sili¬ 
cates  with  selective  reflection  bands  at  9.42-9.45/i  and  9.68-9.70  p.  The  first  one  of  these  apparently  is  a  com¬ 
pound  with  a  silica  content  exceeding  that  of  the  compound  discussed  in  the  preceding  paragraph.  As  evidence 
that  we  are  dealing  with  an  actual  compound  we  can  cite  the  fact  that  a  silicate  with  the  same  maximum 


Fig.  1.  T.iC  reflection  spectra  of  crystallized  glasses  containing  from  14  to  55 
tnole'^o  Na^O.  Inner  portions,  t  =  620*  (m.  =  melt). 


Fig.  2.  The  relection  spectra  of  crystallized  glasses  containing  12,  13,  and  16  mole  °lo  of  Na20. 

Inner  portions,  t=620". 

frequently  appears  in  quite  a  number  of  crystallized  glasses  of  very  high  silica  content.  The  fact  that  the  maxi¬ 
mum  occurs  always  at  the  same  wave  length  indicates  that  the  shift  from  9.50  p  (curve  3)  to  9.42-9.45  p  could 
not  possibly  be  attributed  to  any  kind  of  lattice  defects  in  the  newly  formed  crystals,  since  in  various  samples 
these  defects  would  be  different  and  consequently  produce  different  spectra.  The  spectrum  of  the  silica  con¬ 
stituting  the  bulk  of  crystallized  high-silica-content  glasses  (the  8.75  p  and  the  12.7  p  bands  on  curve  1  in  Fig. 
1)  is  very  different  from  the  spectra  of  ct-quartz  [14],  a-tridymite[17],  and  a-cristobalite  [14],  as  can  be  seen 
in  Fig.  3  where  the  spectra  are  presented  alongside  each  other.  A  similar  type  of  silica  is  encountered  in  many 
glasses  of  various  compositions  which  had  been  crystallized  under  diverse  conditions.  At  the  same  time  the  fact 
that  the  most  intense  reflection  bands  constantly  appear  in  the  same  place  indicates  that  we  must  be  dealing 
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Fig.  3.  The  reflection  spectra  of  various  modifica¬ 
tions  of  silica.  1)  Crystalline  oc -quartz  (a  slice  cut 
normal  to  the  optical  axis);  2)  a-cristobalite:  3) 
outer  shell  section  of  crystallized  glass  containing 
25.5  mole%  NajO.  t  =  620*,  r  =  576  hr ;  4)  same  but 
with  r  =  6  hrs;  5)ot-tridvmite;  6)  inner  core  of  glasses 
containing  14  mole  NajO.r  =620*,  r  =216  hrs. 
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Fig.  5.  The  reflection  spectra  of  crystallized  glasses  containing  from  17  to  22 
mole  %  Na20.  Outside  shell  portions,  t=  620*,  r  =  12  and  288  hr  for  glasses 
containing  17-20  and  22  mole  °lo  Na20  respectively. 
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Fig.  6.  The  reflection  spectra  of  crystallized  glasses  (outside  shell  portions).  The 
uppermost  curve  is  for  25.5  mole  %  Na20,  t  =  620r,  and  r  =  576  hr:  the  middle  one 
is  for  25.5  mole  %  Na20,  t=  570*,  r  =  288  hrs;  the  lowest  one  is  for  27  mole  ’lo  NajO, 
t=620*,  r  =24  hr. 
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Fig.  7.  The  reflection  spectra  of  crystallized  glasses  containing  from  29  to  32 
mole  °lo  NagO.  Outside  shell  portions,  t  =  620“. 
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Fig.  8,  The  reflection  spectra  of  crystallized 
glasses  containing  from  33.3  to  50  mole  %  Na*0. 
Outside  shell  portions,  t  =  620*;  r  =  72  hr  (for 
33.3  mole‘s  NajO)  24  hr  (for  36,39  and  42  mole 
*^0  Na|0),  and  3.5  hr  (for  50  mole  %  NajO). 
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with  another  form  of  SiOj.  In  Figs.  4-8  we  have  reproduced  the  reflection  spectra  of  silica  [14,  17]  and  of  the 
outside  shell  of  glasses  of  the  NajO— SiOj  system  crystallized  at  620*.  The  heat  treatment  of  most  of  these 
samples  extended  from  3.5-12  to  24  hr,  i.e.,  most  of  the  spectra  shown  in  Figs.  4-8  represent  glasses  in  the  early 
stages  of  crystallization. 

For  the  glasses  containing  25.5  mole  %  NajO  we  have  reproduced  the  spectra  of  samples  crystallized  at 
620  and  570*,  since  the  crystals  formed  at  these  two  temperatures  are  entirely  different.  For  precisely  the  same 
reason  two  spectra  are  given  for  the  glass  containing  30  mole  %  Na20.  Silica,  which  is  responsible  for  the  bands 
at  8.30  fi,  9.10-9.20  p,  and  12.6-12.7  p,  constitutes  the  major  portion  of  products  formed  when  glasses  contain¬ 
ing  from  12  to  29  mole^  Na20  are  crystallized;  in  addition  to  silica  these  glasses  yield  also  silicates  with  a  high 
content  of  Na20,  as  is  indicated  by  the  presence  of  bands  at  10.4-10.6  p  and  13-14  p.  The  most  intense  band 
in  the  spectra  of  crystallized  glasses  containing  less  than  22  mole  Na20  is  a  doublet  with  peaks  at  9.05-9.10  p 
and  8.30 p— the  characteristic  wave-lengths  of  a-cristobalite.  Therefore  the  silica  crystallizing  out  under  these 
conditions  can  be  identified  only  with  this  form  of  SiO^.  In  glasses  containing  25.5  mole  °lo  or  more  Na20  the 
strongest  maximum  shifts  towards  longer  wave-lengths,  to  9.15-9.20  p,  and  becomes  much  sharper  in  the  process 
than  the  corresponding  peak  of  a-cristobalite  (Fig.  3);  at  the  same  time  the  intensity  of  the  side-band  at  8.30  p 
declines.  We  are  apparently  dealing  in  this  case  with  a  more  "primitive"*  form  of  cristobalite .  It  In  its  turn 
is  preceded  by  an  even  more  "primitive"  silica.  This  last  one  can  be  found  at  the  earliest  stages  of  glass  crys¬ 
tallization,  as  soon  as  the  first  fogging  appears  on  the  glass  surface.  In  Fig.  3  (curve  4)  we  have  reproduced  a 
spectrum  of  such  a  fogged  surface.  When  glasses  caitaining  29  mole  ^  or  more  of  Na20  crystallize  the  outside 
shell  portions  of  the  samples  consist  of  a  mixture  of  silica,  sodium  disilicate,  sodium  metasilicate,  and  other 
silicates  with  a  higher  Na20  content.  This  can  be  readily  seen  by  comparing  the  corresponding  curves. 

The  described  investigation  of  crystallized  sodium  silicate  glasses  clearly  demonstrates  how  inadequate 
are  phase  diagrams  for  the  detection  of  all  the  silicates  that  can  exist  in  the  given  system. 

It  is  still  uncertain  which  of  the  discovered  crystals  represent  actual  compounds.  But  since  glasses  them¬ 
selves  constitute  nonequilibrium  s)’stems,  in  studying  the  structure  and  properties  of  glasses  one  has  to  consider 
all  of  the  crystalline  silicates  which  may  exist  under  one  or  another  set  of  conditions  in  a  given  system.  The 
x-ray  crystallographic  data  on  these  same  crystallized  glasses  are  in  good  agreement  with  the  results  of  our 
spectroscopic  investigation. 

The  authors  are  grateful  to  A.G.  Alekseev  and  G.O.  Bagdyk'yants  for  their  x-ray  diffraction  study  of  our 
samples.  We  also  wish  to  express  our  gratitude  to  Academician  A. A.  Lebedev  for  suggesting  this  project  and  for 
all  the  assistance  rendered  towards  the  completion  of  this  work,  and  to  A.G.  Vlasov  for  his  valuable  advice  and 
aid. 
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The  electron  paramagnetic  resonance  (EPR)  line  structure  method  of  analysis,  developed  earlier, 
has  been  used  to  investigate  the  change  in  structure  of  the  conjugated  aromatic  system  of  coconut 
charcoal,  which  results  from  different  effects. 

It  has  been  shown  that  repeated  treatment  of  charcoal  with  a  mixture  of  KOH  +  alco¬ 
hol-pyridine  at  100“  decreases  We#  the  frequency  of  electron  exchange  between  separate  aro¬ 
matic  networks. 

During  reversible  adsorption  of  oxygen,  cug  increases,  indicating  facilitation  of  exchange 
in  the  presence  of  oxygen.  Adsorption  of  one  oxygen  molecule  leads  to  a  decrease  in  the  ef¬ 
fective  number  of  unpaired  electrons  by  approximately  60.  Conclusions  have  been  made  as  to 
the  possible  nature  of  the  formation  of  unpaired  electrons  in  charcoals. 

A  method  of  determining  the  frequency  of  exchange  interaction  tUg  for  tlie  paramagnetic  resonance  singlet 
line  was  given  in  [1]  for  those  cases  where  approximates  to  the  width  of  the  line  in  order  of  magnitude.  For 
the  determination,  the  interactions  between  an  unpaired  spin  and  the  surrounding  medium  are  given  by  the  essential 
parameters:  the  exhange  frequency  cug  and  the  value  of  cug,  which  is  characteristic  of  the  spin  distribution  of  the  system 
in  the  absence  of  any  exchange  interaction.  According  to  van  Vleck's  theory  [2],  the  relation  cug/cjg  •  cul  « 1  must 
hold,  where  is  the  parameter  which  characterizes  the  central  portion  of  the  line,  which  obeys  the  Lore ntz  relation 
in  the  presence  of  exchange  interactions.  For  a  sufficiently  strong  exchange  interaction,  i.e. ,  for  Wg  >  Aa;i/2t  the 
majority  of  the  lines  are  described  by  this  law  and  is  found  on  the  half-widths  of  the  lines  determined  experimentally. 

From  these  considerations  the  parameter  clearly  does  not  have  an  independent  value,  since  it  is  linked  with 
cUe  and  Wg  in  a  well-defined  manner. 

It  was  shown  in  the  paper  quoted  that  in  PVC(  polyvinylchloride)  chars,  obtained  at  600”,  the  values  of  ojg  and 
(jg  were  0.67  •  10^  and  1.2  •  lO^sec"*.  The  value  of  Wg  can  be  evaluated  independently  for  a  system  of  spins  uniformly 
distributed  in  space,  for  a  given  spin  concentration.  This  evaluation  leads  to  a  somewhat  smaller  value  because  it 
does  not  take  into  account  the  possibility  of  the  line  being  widened  through  forbidden  hyperfine  structure,  which  would 
obey  the  Gauss  law.  On  the  basis  of  analysis  of  the  EPR  line  for  PVC  chars,  obtained  at  different  temperatures,  the 
following  conclusions  were  drawn:  1)  with  increasing  carbonization  temperature,  the  aromatic  networks  were  enlarged, 
i.e.,  the  regions  of  delocalized  electrons  increased,  resulting  in  a  decrease  in  tUg,  and  2)  the  relative  amount  of  the 
irregular  surrounding  structure,  through  which  exchange  takes  place,  was  decreased,  i.e.,  tUg  decreased. 

These  conclusions  are  confirmed  by  known  carbon  chemistry  and  by  x-ray  structure  analysis  of  charcoals 
[3].  Analogous  changes  in  oig  and  ti^g  are  observed  for  sugar  chars,  obtained  in  the  temperature  range  400  -  650*. 
There  is  good  reproducability  of  tUg  and  tUg  values  for  chars  from  different  series  of  preparations  (for  example, 
for  samples  from  different  series  Wg  equals  0.73*10^  and  0.67*10^  sec"^  and  Wg  equals  1.05 *10’  and  1.05*10^ 
sec"^). 
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TABLE  1 


The  Variation  of  Exchange  Frequency  Wg  on  Removing  the  Irregular  Sur¬ 
rounding  Structure  of  Charcoals 


Sample 

Exchange  frequency  Wg,  sec"' 

•old" 

• young" 

Initial  sample 

5.2  •  10^ 

4.5*  lo’ 

First  treatment 

3.2  •  lO' 

— 

Second  " 

3.8  •  lo' 

3.2-10^ 

Third 

- 

3.0 ‘lo’ 

Fourth  • 

3.2  •  lo’ 

3.0  •  lO’ 

TABLE  2 


»’(),-inm  Hg 

.V.  g"' 

(nOi)  .g"* 
ads^ 

^N/(n(),)ads 

0 

'ir.s-io«« 

10 

2(K).10"' 

ISS-IO’" 

3,8.  lO'" 

~()S 

20 

152-10’'' 

.'MXi- 10’« 

/|,1  10'" 

~74 

30 

lit)- 10'" 

;v»2-io"' 

5,2-10'" 

—  lit) 

^lO 

Tti-lO’" 

;i.‘<2io'« 

5,7.10'" 

~()7 

We  consider  that  here  we  are  dealing  essentially  with  exchange  between  separate  spin  systems,  and  the 
frequency  will  be  considerably  less  than  the  exchange  frequency  in  individual  molecules  with  conjugated  bonds, 
where  it  Ls  10^^-  lO^^sec"^,  Values  for  the  exchange  frequency,  found  by  us,  are  of  the  same  order  of  magnitude 
as  the  rate  constants  for  elementary  reactions  of  chemically  activated  particles  (e.g.,  radicals),  which  suggests 
that  exchange  of  the  type  underconsideration  could  playanessential  part  in  the  course  of  complex  chemical  processes. 

We  were  interested  in  explaining  how  the  value  changed  in  two  cases:  1)  on  removal  of  the  surround¬ 
ing  structure,  which  facilitates  exchange,  by  chemical  reaction,  and  2)  on  formation  of  other  opportunities  for 
exchange  by  inserting  into  the  structure  bridges  between  the  separate  networks  of  aromatic  systems.  In  the  first 
case,  natural  carbons  were  studied,  which  gave  intensive  narrow  peaks  in  air  with  a  g-factor  practically  coin¬ 
ciding  with  that  of  DPPH  (Diphenylpicrylhydrazyl).  Repeated  treatment  of  such  carbons  with  a  mixture  of  b°lo 
KOH  +  alcohol -pyridine  at  100“  led  to  a  gradual  elimination  of  the  surrounding  structure.*  Analysis  of  the 
structure  of  the  narrow  peak  showed  that  in  fact  decreased  as  the  surrounding  structure  was  removed.  Table  1 
contains  values  for  Wg  obtained  from  analysis  of  the  experimental  curves  for  two  sorts  of  chars  ("old  and  "young"). 

This  data  indicates  that  the  exchange  interactions  between  separate  networks  of  aromatic  systems  occur 
through  the  irregular  surrounding  structure. 

The  construction  of  synthetic  bridges  between  the  networks  is  a  more  interesting  and  complex  point,  and 
it  was  found  expedient  to  study  the  effect  of  oxygen  on  EPR  spectra  of  chars. There  have  been  many  references  to 
an  increase  in  the  line  width  at  half-height,  i.e.,  an  increase  of  action  of  oxygen,  which  is 

generally  accepted  as  an  indication  of  a  decrease  in  exchange  and  in  the  amplitude  of  the  peak  [4].  For  most 
of  the  chars,  those  effects  were  completely  reversible,  and  the  initial  form  and  amplitude  of  the  peak  could  be 
regained  after  evacuation  at  room  temperature.  Most  of  the  investigators  assumed  that  there  was  no  change  in 
the  concentration  of  unpaired  electrons  during  oxygen  adsorption  [5];  others  assumed  that  the  number  of  un¬ 
paired  electrons  decreased  [6].  Our  method  of  analysis  of  the  linear  structure  has,  in  our  opinion,  settled  this 
question.  From  what  has  been  said,  it  can  be  seen  that  it  is  possible  on  the  basis  of  this  analysis  to  determine 
on  the  one  hand  Ug  or  Wg,  and  on  the  other  to  evaluate  much  more  exactly  the  total  concentration  of  para¬ 
magnetic  particles,  since  it  is  possible  to  evaluate  absorption  at  the  extremes  of  the  Gauss  section  of  the  curve. 


•These  carbon  samples  were  supplied  by  a  colleague  at  I.G.I.  Akademii  Nauk  SSSR,  to  whom  the  authors  are 
very  grateful. 
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The  change  in  a)e  (1)  and  Wg  (2)  of  the  EPR  line  of 
sugar  char  in  relation  to  the  oxygen  pressure;  3)  ad 
sorption  of  oxygen  at  room  temperature. 


Such  a  detailed  analysis  was  carried  out  on  sugar  charcoal, 
and  during  oxygen  adsorption  both  a  widening  of  the  peak 
and  a  decrease  in  the  concentration  of  paramagnetic 
particles  were  observed. 

First  we  studied  the  effect  of  oxygen  on  the  para¬ 
meters  Wj,  and  (jg.  Experimental  data  for  sugar  charcoal 
Hg  showing  the  change  of  these  parameters  with  the  oxygen 
pressure  is  given  in  the  diagram.*  The  increase  in  Wg 
is  probably  determined  by  the  local  magnetic  field  of 
the  adsorbed  oxygen  molecules.  The  increase  in  cjg  indi¬ 
cates  an  increase  in  the  exchange  interaction  in  the  pre¬ 
sence  of  oxygen  (not  a  decrease  of  it,  as  could  be  as¬ 
sumed  from  a  consideration  of  just  one  value  of  aig). 


These  results  are  comparable  with  those  put  forward  by  Frumkin  in  1935  [7],  who  proposed  the  existence  of 
a  type  of  oxygen  adsorption  on  charcoal  in  which  the  oxygen  mdlecules  penetrated  between  neighboring  sections 
of  aromatic  networks.  Taking  into  account  the  fact  that  an  oxygen  molecule  has  initially  two  unpaired  electrons, 
a  model  of  this  type  would  fit  in  well  with  the  assumptions  given  above,  i.e.,  those  concerning  the  possible  easing 
of  electron  exchange  between  neighboring  sections  during  oxygen  adsorption. 


It  should  also  be  noted  that  and  Wg  vary  with  the  amount  of  adsorbed  oxygen  (Fig.  1,  curve  3).  This 
confirms  that  changes  in  aig  and  u)g  depend  on  the  adsorbed  oxygen  molecules.  Table  2  gives  the  values  of  N, 
AN,  and  the  number  of  oxygen  molecules  adsorbed  by  1  g  charcoal  for  a  sample  of  sugar  charcoal  at 

different  oxygen  pressures  p  . 

O2 

Thus,  adsorption  of  one  oxygen  molecule  changes  the  number  of  effective  spins  by  approximately  60. 
Oxygen  also  has  a  very  effective  influence  on  the  values  of  oig  and  Wg.  In  fact,  the  results  show  that  adsorption 
of  ~  10^®  oxygen  molecules  results  in  a  change  in  the  exchange  frequency  and  theWg  parameter  by  a  total  of 
5  *10  spins  for  the  sample. 


The  above  results  make  it  possibl".  to  come  to  certain  conclusions  about  the  nature  of  the  free  valencies 
in  charcoals  and  other  carbonization  products  of  organic  substances.  It  has  been  established  in  the  literature  that 
paramagnetism  of  carbons  is  due  to  the  distorted  chemical  bonding  in  the  irregular  structure  [8].  From  data  on 
delocalized  unpaired  electrons,  the  authors  of  [9]  came  to  conclusions  about  the  tt -character  of  the  electron 
cloud.  However,  for  some  time  past,  data  has  been  published  on  EPR  in  systems  having  conjugated  double  bonds 
and  aromatic  rings,  which  give,  in  our  opinion,  some  idea  of  the  nature  of  EPR  peaks  for  carbonized  compounds. 


For  dinaphthosemiquinone  for  example,  a  clear  EPR  absorption  peak  with  g  ~2.0  was  observed  [10],  De¬ 
termination  of  the  concentration  of  unpaired  spins  showed  that  there  is  one  unpaired  electron  for  400  dinaphtho¬ 
semiquinone  molecules.  An  analagous  result  was  obtained  in  a  study  of  a  series  of  quinoline  dyestuffs  [11].  In 
these  compounds,  paramagnetic  resonance  absorption  peaks  were  discovered,  which  corresponded  on  the  average 
to  one  unpaired  electron  for  5000  dyestuff  molecules.  EPR  studies  of  polymers  consisting  of  macromolecular 
chains  with  conjugated  bonds  [12]  showed  that  at  a  certain  degree  of  polymerization  a  narrow  EPR  peak  (~5 
gauss)  appeared,  due  to  the  unpaired  electrons  being  delocalized  throughout  the  polymeric  chains. 


In  all  the  cases  examined,  like  the  case  of  carbons,  the  EPR  peak  increases  with  decreasing  temperature, 
which  completely  excludes  the  hypothesis  of  a  thermal  excitation  to  the  triplet  state.  The  appearance  of  EPR 
peaks  in  these  systems  are  considered  to  be  due  to  the  emergence  of  "anomalous*  paramagnetism,  dependent 
not  on  distorted  chemical  bonds,  but  on  some  new  magnetic  interaction  of  electrons  (as  yet  unknown),  which 
results  in  a  complex  bond  system.  There  is  no  theory  of  this  phenomenon,  and  it  is  only  possible  to  characterize 
a  degree  of  paramagnetism  which  represents  the  number  of  unpaired  electrons  (measured  experimentally)  in 
relation  to  the  number  of  conjugated  systems. 

It  therefore  follows  that  adsorbed  oxygen  molecules  not  only  act  as  "little  bridges*  in  facilitating  ex¬ 
change,  but  by  virtue  of  their  paramagnetism,  distort  theinteractions  of  the  electronic  system  of  conjugated  bonds. 


•AH  and  u  are  proportional  to  each  other  (AH  ^  3*10'^  u). 
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I  Data  in  Tabic  2  confirm  the  conclusion  that  oxygen  adsorption  results  in  a  decrease  (rf  the  effective  number  of 

paramagnetic  particles.  The  ready  desorption  of  oxygen,  and  complete  reduction  of  the  peak  on  evacuation, 

I  clearly  suggests  that  stable  chemical  bonds  are  not  formed  during  adsorption;  the  decrease  in  intensity  of  the 

peak  during  adsorption  is  linked  with  a  decrease  in  the  average  degree  of  paramagnetism  through  the  action  of 
the  magnetic  moment  of  oxygen.  It  is  possible  that  a  decrease  of  Ngff  at  oxygen  pressures  greater  than  10  mm 
I  Hg,  once  adsorption  equilibrium  has  been  attained,  is  also  linked  with  the  change  in  paramagnetism  due  to  an 

increasing  number  of  collisions  between  paramagnetic  oxygen  molecules  and  the  lattice  surface.  This  pwint 
needs  further  investigation. 
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Polymers  with  conjugated  double  bonds  give  narrow  electronic  paramagnetic  resonance  signals 
with  the  free  spin  g-factor.  The  intensity  of  the  signals  increases  with  increase  in  the  conjuga¬ 
tion.  The  effect  is  an  intramolecular  one,  independent  of  dissolution,  and  characterizes  the 
fundamental  state  of  the  rr -electron  cloud  of  the  molecule.  In  the  solid  state,  polymers  with 
conjugated  double  bonds,  especially  those  containing  nitrogen  atoms  and  polar  groups  in  the 
macromolecular  chain,  are  characterized  not  only  by  the  narrow  lines  mentioned  above,  but 
also  by  the  broad  asymmetrical  electronic  paramagnetic  resonance  lines  of  very  great  integral 
intensity.  These  structures  possess  positive  static  magnetic  susceptibility,  though  with  increase 
in  the  magnetic  field  intensity,  the  susceptibility  diminishes;  the  magnetizability,  however,re- 
mains  constant,  which  makes  it  permissible  to  speak  of  the  ferromagnetic  properties  of  the 
systems  under  discussion.  The  effect  referred  to  appears  to  be  purely  structural. 


In  the  current  work,  we  have  attempted  to  generalize  some  results  obtained  earlier,  together  with  certain 
new  results,  on  the  investigation  of  the  electronic  paramagnetic  resonance  (EPR)  spectra  of  macromolecular  com¬ 
pounds,  and  also  data  on  the  measurement  of  the  static  magnetic  susceptibility  of  these  compounds.  The  com¬ 
pounds  discussed  include  both  hydrocarbon  polymers,  and  polymers  containing  heteroatoms,  each  with  a  system 
of  conjugated  double  bonds  in  the  polymer  chain.  As  the  development  will  show,  these  structures  exhibit  ano¬ 
malous  magnetic  properties  which  are  not  provided  for  within  the  framework  of  existing  concepts.  Although 
there  is  up  to  the  present  no  theoretical  explanation  of  the  effects  which  we  have  observed,  it  seems  to  us  none 
the  less  timely  to  attempt  a  systematization  of  the  facts  which  have  been  obtained,  and  to  formulate  some 
general  suggestions  which  emerge  from  them. 

The  experimental  technique  involved  in  the  investigation,  and  the  characteristics  of  the  compounds  studied, 
have  been  described  in  previous  publications  (see  the  literature). 

More  than  ten  years  have  passed  since  Kozyrev  [1]  discovered  that  straight  chain  hydrocarbons,  with  a  con¬ 
tinuous  chain  of  conjugated  bonds  of  the  polyene  type,  give  EPR  spectra  whose  intensity  increases  with  increase 
in  the  length  of  the  conjugated  chain.  He  suggested  that  these  signals  arose  from  thermal  excitation  of  the 
molecules  in  the  triplet  (biradical)  state.  He  did  not,  however,  measure  the  temperature  dependence  of  the 
signal  intensity,  and,  apparently,  his  explanation  is  erroneous. 

Moshkovskii,  whUe  investigating  the  EPR  spectra  of  cyanine  dyes  [2],  observed  the  appearance  of  narrow 
EPR  signals  in  the  fundamental  state  of  the  molecules,  which  was  plainly  indicated  by  the  nature  of  the  tempera¬ 
ture  dependance  of  the  intensity  of  these  signals.  In  the  work  of  Berlin,  Blyumenfel'd,  Cherkashin,  Kalmanson 
and  Sel’ska  [3],  the  EPR  spectra  of  a  series  of  polyphenylactylenes  were  obtained.  All  these  compounds  proved 
to  give  narrow  EPR  signals.with  a  breadth  AHbetween  the  points  of  maximum  slope  of  ~  4-8oe. 
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The  following  basic  results  of  this  investigation  may  be  set 

out: 

1)  The  position  of  the  EPR  spectral  lines  corresponds  practi¬ 
cally  exactly  with  the  pure  spin  value  of  the  g-factor. 

2)  The  narrowness  of  the  EPR  signal  and  the  absence  of  super¬ 
fine  structure  shows  that  there  must  be  considerable  delocalization 
of  the  non  paired  electrons. 

3)  The  intensity  of  the  EPR  lines  depends  sharply  on  the 
length  of  the  chain  of  conjugated  bonds  and,  therefore,  on  the 
molecular  weight.  Increasing  the  molecular  weight  from  1100  for 
compound  (  — CPh=CH-)ii  to ~  2000  for  the  higher  polymer  (  — CPh  = 
CH  — )2o  (where  Ph=C0H5)  leads  to  an  increase  in  the  effective 

17  19 

number  of  unpaired  electrons  from  ~  5  x  10  to  ~  3X  10  parti- 
cles/g.  Further  increase  in  the  degree  of  conjugation  by  means  of 
copolymerization,  and  the  formation  of  two  or  three  dimensional 
networks,  does  nor  result  in  increase  in  the  signal. 

4)  The  highest  attained  signal  intensities  correspond  ap¬ 
proximately  to  a  content  of  1  unpaired  electron  per  10  molecules. 

5)  The  intensity  of  the  EPR  signals  is  increased  with  reduction 
of  temperature  in  accordance  with  the  Curie  law.  This  makes  im¬ 
possible  any  explanation  of  the  observed  effect  as  due  to  thermal 
excitation  in  the  triplet  state.  The  possibility  that  the  triplet 
level  is  the  fundamental  one,  or  that  it  is  separated  from  them  by 

an  energy  AE  «  kT  is  excluded  by  the  low  magnitude  of  the  effect.  For  polymers  of  low  molecular  weight  there 
are  no  more  than  1  unpaired  electron  for  each  1000  molecules,  and  in  the  case  of  the  cyanine  dyes  [2],  no  more 
than  1  for  each  10,000  molecules. 

G)  The  intensity  and  shape  of  the  EPR  signals  are  maintained  in  solution,  and  unaffected  by  the  dilution  of 
the  solution. 

This  last  fact  is  very  important,  and,  as  we  shall  see  later,  is  apparently  contradictory  to  the  results  of 
measuring  the  static  magnetic  susceptibility.  For  this  reason  we  undertook  an  additional  investigation  of  the  EPR 
spectra  of  polyphenylacetylene  preparations  which  give  a  comparatively  intense  EPR  signal  in  various  solvents 
(benzene  and  acetone).  The  experiments  showed  that  the  intensity,  shape,  and  breadth  of  the  EPR  lines  was  not 
changed  by  dissolution,  and,  when  recalculated  in  terms  of  unit  weight  of  the  dissolved  material,  did  not  depend 
on  the  dilution  either.  Comparison  of  the  intensities  was  conducted  by  reference  with  the  lines  produced  by  an 
internal  standard.  The  glass  ampoule  in  which  the  specimen  was  contained  served  this  purpose,  since,  as  is  well 
known,  it  gives  a  clear  line  with  g  4  because  of  metallic  impurities  in  the  glass.  The  figure  gives  as  an  ex¬ 
ample  the  EPR  spectrum  of  one  of  the  polyphenylacetylene  specimens  in  the  solid  state  (a),  in  the  same  amount 
in  saturated  solution  in  benzene  (b),  and  after  five-fold  dilution  of  the  benzene  solution  (c). 

It  may  thus  be  concluded  that  the  appearance  of  unpaired  electrons  giving  the  narrow  lines  of  the  EPR 
spectrum  in  systems  of  conjugated  double  bonds,  is  a  property  of  separate,  individual  molecules.  Taking  into 
account  the  fact  that  signals  with  corresponding  properties  are  given  by  an  isodisperse  system  possessing  sufficient 
conjugation,  and  also  that  in  the  interaction  of  n-diethynylbenzene  with  these  compounds,  the  polymers  are  al¬ 
most  quantitatively  converted  into  nonfusible,  insoluble  block  copolymers  [4],  it  can  be  concluded  that  the  EPR 
data  demonstrate,  apparently,  that  not  one  molecule  in  10  nor  one  in  100,  in  the  given  sample,  contains  an  un¬ 
paired  electron,  but  that  each  molecule  "contains"  0.1  or  0.01  unpaired  spin.  We  may,  in  this  sense,  speak  of 
"the  degree  of  unpairedness"  of  the  tt -electron  cloud  in  a  system  of  conjugated  bonds.  The  theory  of  this 
phenomenon  still  remains  to  be  formed.  It  may  be  thought  that  the  narrow  EPR  lines  incoals"of  different  origin, 
characterized  by  the  developed  chain  of  conjugated  double  bonds,  are  not  due,  as  numerous  investigations  have 
presupposed,  to  ruptured  carbon-carbon  bonds,  but  must  be  connected  with  the  same  general  phenomenon  (see 
also  the  article  by  Tikhomirova,  et  al.,  [5]  in  this  issue  p.  89), 

"It  is  uncertain  whether  the  authors  really  mean  "coals"  here,  or  simply  "natural"  carbons  from  various  sources. 
The  latter  is  more  probable,  but  in  either  case  the  introduction  of  the  EPR  spectrum  of  these  materials  is  some¬ 
what  abrupt  and  unexplained.  —  Translator’s  note. 
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Electronic  paramagnetic  resonance  spectra 
of  polyphenylacetylene. 
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In  the  work  of  Topchiev  and  co-authors  [6],  attempts  have  been  made  to  correlate  the  EPR  spectra  of  poly¬ 
mers  containing  conjugated  double  bonds  with  their  electrical  conductivity  (for  solid  specimens).  It  is  clear  on 
the  basis  of  everything  which  has  been  said  above  that  this  correlation  docs  not  emerge  from  the  exjserimental 
results,  since  the  two  effects  have  quite  different  dependences  on  the  temperature.  In  all  probability  the  electrons 
(or  holes)  responsible  for  the  electrical  conductivity  of  solid  specimens  are  not  the  same  as  the  unpaired  electrons 
which  give  the  EPR  lines. 

The  table  gives  the  results  of  measurements  on  the  static  magnetic  susceptibility  of  some  polymers  con¬ 
taining  conjugated  bonds.  It  must  be  added  that  the  quantity  of  unpaired  electrons  which  is  determined  from  the 
narrow  EPR  spectral  lines  cannot  lead  to  the  paramagnetism  of  these  compounds.  The  corresponding  paramag¬ 
netic  susceptibilities  are  either  less  than  the  diamagnetic  components,  or  lie  outside  the  limits  of  sensitivity  of 
the  method  of  magnetic  weights.  But,  as  can  be  seen  from  the  table,  the  polyphenylacetyleneswhich  have  been 
studied  are  characterized  by  comparatively  large  values  of  x,  which  correspond,  if  we  assume  pure  spin  para¬ 
magnetism,  to  about  10^^  unpaired  electrons  per  gram  of  specimen.  It  is  interesting  to  note  that  although  dis¬ 
solution  of  the  polymers  in  benzene  or  acetone  leads  to  no  change  in  the  shape  or  intensity  of  the  EPR  spectrum 
(as  we  have  seen  above),  the  magnetic  susceptibility  measured  in  solution  in  benzene  is  approximately— 0.6  X 
X  10  ®:  that  is,  the  entire  magnetism  which  characterizes  solid  polymers  disappears  completely  in  solution. 

This  fact,  to  a  practical  certainty,  yet  again  testifies  to  the  phenomenon  of  unpaired  spins,  which  give  rise  to 
the  narrow  EPR  lines,  being  a  molecular  effect  and  independent  of  the  structure  of  the  sample,  while  the  value 
of  X .  on  the  other  hand,  reflects  the  structural  peculiarities  of  the  lattice  of  the  solid  material.  As  we  have 
shown  in  one  of  our  previous  publications  [7],  certain  polymers  possessing  a  conjugated  bond  system,  and  con¬ 
taining  nitrogen  atoms  and  polar  groups  in  the  conjugated  chains,  give  wide,  asymmetric  EPR  lines  with  a  very 
great  integral  intensity.  An  example  of  this  type  of  polymer  is  found  in  the  pol yam inoquin ones.  If  the  assump¬ 
tion  of  pure  paramagnetism  is  made,  then  the  signal  intensity  corresponds  to  or  more  unpaired  electrons  j5er 
gram.  But  it  would  seem  that  such  calculations  have  no  meaning,  since  the  shape,  breadth  and  temperature 
characteristics  of  the  EPR  signals  (the  sudden  extinction  of  the  signal  at  a  definite,  sufficiently  low,  temperature) 
are  reminiscent  of  the  corresponding  properties  found  in  antiferromagnetic  materials,  and  not  those  in  para¬ 
magnetic  substances.  The  sizes  of  the  effect?  determined  from  EPR  spectrum  and  from  the  static  measurement 
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of  X  for  these  polymers  are  practically  identical.  It  would  seem  that  the  appearance  of  the  wide  EPR  lines  and 
of  static  paramagnetism  in  solid  polymers  are  both  explained  by  the  structural  effect,  and  are  due  to  the  same 
structural  peculiarity.  Eut  these  broad  EPR  lines  are  not  found  with  all  polymers  possessing  static  paramagnetism. 
A  possible  explanation  for  this  is  given  below. 

It  is  seen  from  the  table  that  the  static  paramagnetism  of  these  systems  exhibits  very  unexpected  peculi¬ 
arities:  1)  the  relationship  between  x  and  the  field  strength;  2)  saturation  at  relatively  low  field  strength  (that 
is  the  magnetization  o  is  paractically  constant).  Such  properties  are  known  to  be  characteristic  of  ferromag¬ 
netism,  the  materials  exhibiting  which  show  cooperative  spin  interaction,  and,  consequently,  there  ought  to 
exist  in  the  polymers  studied  sufficiently  well-ordered  parts  for  this  cooperative  interaction  to  be  possible  in  them. 
It  seems  that  these  parts  may  be  present  in  the  samples  as  "bundles"  [8].  It  should  be  observed  that  the  values 
of  X  for  polymers  2,  3  and  4  shown  in  the  table  are  practically  independent  of  temperature,  which  may  point  to 
the  antiferromagnetic  character  of  the  spin  interaction,  since  the  Neel  point  for  similar  substances  may  either 
be  only  weakly  emphasized,  or  lie  in  the  high  temperature  region.  Since  the  ordered  regions  ("bundles")  in  the 
polymers  may  be  supposed  to  consist  of  strongly  defective  microcrystals,  it  would  be  difficult  to  imagine  the 
existence  in  them  of  compensated  antiferromagnetism,  and  one  might  exf)ect  the  possible  development  of  un¬ 
compensated  antiferromagnetism;  this  is  in  fact  suggested  by  the  relationship  between  X  and  H"  . 

Within  the  framework  of  what  has  been  suggested  above,  it  is  easy  to  understand  why  some  molecules 
which  possess  positive  values  of  x  do  not  reveal  broad  EPR  lines.  This  is  apparently  either  due  to  the  fact  that 
the  EPR  is  measured  below  the  Ne5l  point, or  that  the  absorption  line  is  very  broad.  If  the  magnetic  properties 
of  polymers  with  a  high  degree  of  conjugation,  which  have  been  determined,  depend  on  their  macrostructure 
and  the  manner  in  which  they  are  packed  into  the  lattice  of  the  solid  material,  then  every  change  in  the  struc¬ 
ture  must  have  a  direct  effect  on  their  properties.  The  change  in  structure  may  take  place  both  through  the 
formation  of  a  network  in  the  polymers  and  through  anangement  into  "bundles."  Both  effects  would  lead  to 
change  in  the  magnetic  properties,  the  former  because  of  increase  in  the  degree  of  coordination  in  the  system, 
and  the  latter  because  of  the  enhancing  of  the  cooperative  interaction  of  the  spins.  Thus,  polymer  6,  which  con¬ 
sists  of  polymer  5  which  has  been  structurized  by  means  of  cupric  ions,  at  once  possesses  increased  susceptibility, 
and  this  increase  of  x  cannot  be  fully  ascribed  to  the  introduction  of  copper  into  the  polymer,  since  similar  ef¬ 
fects  may  be  produced  by  merely  thermal  structurizing  of  the  compound  without  the  use  of  metal.  There  is  a 
sharper  change  in  magnetic  properties  in  polymers  of  the  type: 


When  this  compound  is  heated  for  six  hours  at  500*,  its  susceptibility  is  increased  from  ~10X  10"*  to  ~50X  10“*, 
the  copper  content  in  the  initial  and  heated  polymers  being  approximately  the  same.  It  should  also  be  pointed 
out  that  narrow  EPR  lines  are  found  in  the  spectrum  of  the  polyaminoquinones,  due  to  the  presence  in  the  system 
of  conjugate  double  bonds.  Their  appearance  under  different  conditions  is  completely  analogous  to  the  appear¬ 
ance  of  EPR  signals  in  the  polyphenylacetylenes. 

•Strictly  speaking,  it  is  not  correct  to  apply  the  term  "antiferromagnetism"  to  the  systems  under  consideration, 
since  saturation  in  a  magnetic  field  is  observed  at  all  temperatures,  even  those  lying  higher  than  the  specific 
point  of  "antiferromagnetic"  transition. 
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The  broad  EPR  lines,  and  the  anomalous  static  paramagnetic  susceptibility  in  the  synthetic  macromolecular 
compounds  which  have  been  studied,  Is  completely  analogous  to  the  corresponding  properties  in  the  nucleic  acids 
and  nucleoproteins  [9,  10],  In  both  cases  the  properties  appear  to  be  purely  structural  effects,  and  are  completely 
determined  by  the  high  degree  of  organization  (in  the  macrospecimen)  of  the  multiple  molecular  structure  with 
local  systems  of  conjugated  double  bonds. 

The  presence  of  nitrogen  atoms  in  the  conjugated  chain,  and  of  regularly  located  polar  groups  and  metal 
atoms,  apparently,  leads  to  an  increase  in  the  effect. 

SUMMARY 

It  has  been  shown  that  macromolecular  compounds  possessing  conjugated  double  bonds  reveal  new  mag¬ 
netic  properties.  In  the  first  place,  the  presence  of  a  sufficiently  developed  system  of  conjugate  double  bonds 
produces  the  phenomenon  of  *  unpairedness*  in  the  basic  state  of  the  system,  which  is  manifested  in  pure  spin 
paramagnetism.  It  may  be  suggested  that  this  effect  occurs  for  all  molecules  possessing  conjugated  double  bonds, 
but  may  only  be  observed  experimentally  with  the  experimental  techniques  at  present  available  for  sufficiently 
large  molecules.  In  the  second  place,  the  macromolecular  systems  which  have  been  studied  are  characterized 
by  properties  closely  similar  to  the  antiferromagnetic  projjerties  revealed  by  substances  with  incompletely  com¬ 
pensated  antiferromagnetic  interaction.  This  effect  depends  essentially  on  a  regularized  structure  within  the 
organization  of  all  the  specimens.  The  authors  believe  that  further  investigation  involving  the  synthesis  of  poly¬ 
mers  of  this  class  may  lead  to  the  creation  of  polymeric  materials  with  magnetic  properties  which,  not  only 
qualitatively  but  also  quantitatively,  will  approximate  to  the  magnetic  properties  of  the  ferrites. 
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THE  MOLECULAR  ORBITAL  S  E  L  F  -  CON  S  IS  T  E  N  T -F  I E  L  D  DETERMINATION 


OF  THE  GROUND  STATE  OF  FERROCENE 
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and  the  N.S.  Kurnakov  Institute  of  General  and  Inorganic  Chemistry 
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May-June,  1960 

Original  article  submitted  December  17,  1959 

The  ground  state  of  ferrocene, Fe(C5H5)2.  was  determined  using  the  molecular  orbital  (MO)  self- 
consistent  field  treatment  (Roothaan's  modification).  The  molecular  orbitals  of  the  complex 
consisted  of  ten  MO*s  representing  the  ring  ir  -electrons,  which  were  constructed  from  the  2p2 
atomic  orbitals  (AO)  of  carbon,  and  of  nine  3d®4s4p*  AO's  of  iron.  The  atomic  orbitals  were 
represented  in  the  form  of  Slater  wave  functions.  The  formulas  used  for  calculating  the  nec¬ 
essary  matrix  elements  are  discussed  and  their  numerical  values  tabulated.  The  form  and  the 
energjes  of  the  MO’s  in  the  complex  are  given.  The  calculated  ionizational  potential  (6.39 
ev)  is  in  a  satisfactory  agreement  with  the  experimental  value  (7.05  ev).  A  detailed  discussion 
of  our  results  will  be  postponed  till  after  the  calculations  for  similar  molecules  (C6Hg)^r, 
(0^15)200'^,  and  (C5H5)2Cr  are  completed. 


As  a  result  of  the  work  done  by  a  number  of  workers  [1],  it  became  apparent  that  a  satisfactory  description 
of  the  electronic  structure  of  ferrocene  and  of  other  metal  complexes  of  aromatic  compounds  can  only  be 
achieved  by  the  molecular  orbital  treatment.  The  symmetry  of  the  atomic  orbitals  of  the  central  atom  and  of 
the  Tt -orbitals  of  the  aromatic  ring  electrons  indicated  the  possibility  of  having  many-center  molecular  orbitals 
throughout  the  molecule.  Three  types  of  bonding  are  possible  in  bis -cyclopentad ienyl  compounds:  1)  ordinary 
covalent  bonds  involving  unpaired  electrons  on  the  central  atom  and  in  the  ring,  2)  coordination  donor-acceptor 
bonds  involving  pairs  electrons  on  the  ring  and  vacant  orbitals  on  the  central  atom,  and  3)  dative  bonds  involving 
paired  electrons  on  the  central  atom  and  free  antibonding  orbitals  in  the  ring. 

However,  despite  the  fact  that  the  problem  of  the  bond  formation  itself  has  essentially  been  solved,  the 
data  concerned  with  the  molecular  orbitals  of  the  metal  complexes  of  aromatic  compounds  remain  qualitative 
in  nature  and  leave  completely  unsolved  such  important  problems  as  the  relative  energy  levels  of  these  mole¬ 
cular  orbitals,  the  relative  importance  of  single  and  multiple  bonds  in  molecules  with  various  central  atoms  and 
aromatic  rings,  and  the  electron  density  distribution  in  such  molecules.  In  an  attempt  to  solve  at  least  some  of 
these  problems  we  undertook  a  quantitative  determination  of  the  molecular  orbitals  of  metal  complexes  of 
aromatic  compounds  using  the  MO  self-consistent  field  treatment  (Roothaan's  modification  [2]),  In  this  paper 
we  are  reporting  the  calculations  involved  in  evaluating  the  ground  state  energy  of  ferrocene,  (C5H5)2Fe,  and  in 
subsequent  papers  we  intend  to  present  the  calculations  on  the  cobalticenium  ion,(C5H5)2Co'^,  dibenzene  chro¬ 
mium  (CeHe)2Cr,  chromocene  (C5H5)2Cr,  and  other  aromatic  complexes. 

One  previous  attempt  to  apply  Roothaan's  method  to  ferrocene  is  reported  in  the  literature  (Yamazaki 
[3]).  Though  the  results  of  these  calculations  were  published  in  1956  in  the  form  of  a  brief  communication  to 
the  editor,  no  detailed  presentation  of  the  calculations  involved  have  appeared  until  now. 
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Essentially,  Roothaan's  method  involves  the  assumption  that  all  the  electrons  in  a  molecule  are  located 
in  one-electron  MO’s,  which  can  be  expressed  as  LCAO’s  of  the  type 


9»  —  i 


(1) 


where  the  index  denotes  a  molecular  orbital;  index  p,  an  atomic  orbital,  and  Cjp,  a  certain  arbitrary  coefficient. 
The  condition  that  MO’s  be  orthogonal  is  expressed  by  the  equation 

P.  <7 


where  the  overlap  integrals  Spq  between  AO’s  are  defined  by  the  equation 


(2) 


The  complete  normalized  2N  electron  wave  function  for  the  singlet  ground  state  of  the  molecule 
comes  out  in  the  form  of  an  antisymmetrized  product  of  such  LCAO— MO  functions: 


‘1>2  ,V  -  - 


((2yV)!l’/« 


(9ia)i 

(9ia)‘  (91^)*^  .  .  .  (9^*)^  (9A7p)^ 


(9ia)^‘'^  (9,[i)^''  .  .  .  (9,vaf " 


v2A’ 


iN 


where  a  and  B  are  the  two  possible  electron  spin  functions,  and  denotes  a  wave  function  of  the  jth 

electron  with  aspin+  i(h/27r)  located  in  the  MO  ip\.  The  electronic  energy  of  2N  electrons  in  the  ground  state 
of  the  molecule  is 


E  =  (D  :k  (I)  dx. 


where 


-  V.  ir  -I 


J-  V 

2  -a 

U,  V 
U  /  V 


In  this  case  HP  is  the  Hamiltonian  for  the  pth  electron  located  in  the  field  of  the  nuclei  only  and  unperturbed 
by  other  electrons,  so  that  the  first  part  of  the  summation  includes  all  the  one-electron  components  of  the  com¬ 
plete  energy  operator;  the  second  portion  of  the  summation  includes  all  the  two-electron  operators  (where  e  is 
the  charge  of  the  electron  and  r  —  the  distance  between  the  pth  and  i/th  electrons),  and  as  a  result  it  takes 
into  account  the  contributions  from  electron— electron  interactions.  Due  to  the  requirement  that  the  ground 
state  have  a  minimum  energy,  we  get  the  following  matrix  equatitxi  for  the  determination  of  coefficients  giving 
the  best  LCAO -MO’s: 


(H  h  Ci)r.  =  SjScj, 


(3) 


where  the  Cj  vectors  form  a  single-column  matrix  and  represent  the  AO  coefficients  in  the  Uh  LCAO-MO,  S  is 
a  Hermitian  matrix  the  elements  of  which  are  defined  by  Eq.  (2),  and  H  is  the  energy  matrix  in  the  field  of  only 
the  nuclei:  this  last  term  includes  both  the  kinetic  and  the  potential  energy  of  an  electron  exposed  to  the  field 
(attraction)  of  all  the  nuclei.  The  respective  matrix  elements  can  be  calculated  from  the  equation: 
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pq  H qp  —  \  y.p^^'/.q^f't 


or  in  atomic  units 


hi  'Ar¬ 

il  -  -Ai-V-- 

J»/i  ^  r- 


For  the  electronic  interaction  matrixG,  composed  of  elements  Gp^,  we  get 


with  the  summation  carried  out  only  over  all  the  filled  MO’s  (p^. 

If  we  define  L  =  Hf  G  then  Eq.  (3)  can  be  simplified  to 

L  Ci  =  EiS  Cj. 

This  short  matrix  formula  represents  a  system  of  n  homogeneous  equations  of  the  type: 

(^^II  —  f  ^ia  (^■'12  ^^)2®i)  “1“  •  •  •  “1071(^^111  ‘^in^i)  “ 

(^-'21  — ‘^21®i)  "I  Oa  (^■'22  —  ‘*'22^1)  "1'  ^in{^-'2n  *^2nSi)  - 


(^■‘nl  *^71121)  ■(  ^vi  ‘■''711^1) 


"}"  ^171  {l-'nn  ^^TiTi^i)  —  0 


(where  n  is  the  number  of  AO’s  and  consequently  MO's).  Thus  the  best  LCAO-MO’s  can  be  expressed  as  the 
eigenfunctions  of  the  Hermitian  operator  L.  To  determine  the  eigenvalues  of  the  energy  c  ^  (energy  of  the  LCAO- 
MO)  we  have  to  solve  the  secular  equation: 


I  =  0. 


i.e.,  a  determinant  of  the  nth  order: 


/v,l  ».S,,E  /y|2  —  ^ 

L,y-S,,z  I.,,-. 

J^n\  ‘'^711*  ^■'712  ■ 


.  .  /m7.  —  ‘'>^7i£ 

r  _ ,V  c 

.  .  J-'nn  ‘'^7171^ 


This  in  turn  requires  that  we  compute  the  matrix  elements  Lpq=Hpq+Gpq  and  Spq. 

The  principal  difficulties  are  encountered  in  the  determination  of  the  G  elements,  which  depend  on  the 
arbitrary  coefficients  c^p.  The  self-consistent  field  method  involves  essentially  the  following  procedure:  an 
arbitrary  set  of  coefficients  Cjp  substituted  into  the  secular  Eq.  (6)  yield  a  corresponding  set  of  eigenfunctions 
e  which  are  then  substituted  into  Eq.  (5)  to  yield  a  new  set  of  coefficients  Cjp(the  condition  that  the  MO’s 
be  orthonormal  must  be  kept  in  mind);  these  in  turn  are  used  to  get  new  values  of  and  the  process  is  reiterated 
until  a  self-consistent  set  of  coefficients  cjp  is  found. 
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The  solution  of  Determinant  (6)  yields  n  real  roots  for  Cj  (i  =  l,2,.,.,n)  which  represent  the  energies  of  the 
LCAO-MO*s.  If  the  molecule  contains  2N  electrons  then  N  lowest  MO*s  will  be  filled  in  the  ground  state  while 
the  remaining  n-N  MO*s  will  remain  free. 

An  electronic  transition  from  a  filled  ground-state  MO  <pi  Into  a  free  MO  may  give  rise  to  singlet  and 
triplet  excited  states  in  the  molecule.  The  transition  energies  would  then  be 


tj  —  Zi—Jij  -I-  2Kij, 

A  =  £j  Ej 


(V 

(8) 


where  €{  and  €j  are  the  roots  of  Determinant  (6)  corresponding  to  the  MO's  and  <Py 


.1 


Since  K^j  >  0  the  triplet  state  always  lies  2Kjj  units  below  the  singlet. 

Equations  (7)  and  (8)  can  be  written  in  the  form: 

=  (Ej  —  Ei)  —  {Jij  —  Kij)  +  A'ij, 

or  by  representing  the  average  energy  of  the  singlet  and  triplet  states  by  6^^^=  ^  in  the  form: 


i-Y;-  (£(i)_£0  + (9*) 

where  the  plus  sign  is  used  for  the  singlet  state  and  the  minus  for  the  triplet. 

Equation  (9*)  shows  that  in  Roothaan's  method  the  roots  of  Determinant  (6)  can  only  have  a  physical  signi¬ 
ficance  for  filled  MO's  in  the  ground  state  of  the  molecule,  while  to  represent  the  energy  of  free  MO's  it  is  more 
appropriate  to  use  functions  of  the  type  • 

From  Eq.  (7)— (9')  it  follows  that  the  first  ionization  potential  of  the  molecule  is  equal  to  the  absolute 
energy  of  the  upper  filled  MO  (p^,  i.e.,  that 


To  evaluate  the  matrix  G  we  have  to  know  which  MO's  are  filled  with  electrons,  since  only  filled  mole¬ 
cular  orbitals  contribute  to  the  matrix  elements  Gpq.  In  most  cases  the  set  of  filled  MO's  is  known  beforehand. 
However,  one  may  encounter  some  more  complex  cases  where  the  correct  choice  of  lower  filled  MO's  can  only 
be  deduced  after  completing  the  self-consistent  field  treatment. 

If  the  molecule  is  symmetrical  the  solution  of  Eqs.  (5)  and  (6)  may  be  considerably  simplified.  This  is 
done  by  constructing  MO’s  not  by  the  usual  1  inear  combination  of  AO’s [Eq.(l)]  but  by  the  linear  combination  of  the  so 
called  "symmetrical  orbitals."  The  latter  ones  are  obtained  from  the  original  AO's  in  the  form  of  linear  combi¬ 
nations  belonging  to  certain  irreducible  representations  of  the  molecular  symm<^..ry  groups.  As  a  result,  an  nth 
order  determinant  can  be  broken  up  into  several  determinants  of  orders  equal  to  the  respective  numbers  of  sym¬ 
metrical  orbitals  belonging  to  each  irreducible  representation.  In  the  case  of  degenerate  irreducible  representa¬ 
tions,  the  corresponding  determinants  can  be  further  broken  up  to  the  extent  permitted  by  the  order  of  degeneracy. 
The  aromatic  complexes  of  metals  possess  fairly  high  degrees  of  symmetry  (bis-cyclopentadienyl  compounds  are 
D5J,  while  dibenzene  chromium  and  related  compounds  are  Dgj^).  Therefore  from  now  on  (in  this  paper  as  well 
as  in  examining  other  aromatic  complexes)  we  will  always  use  symmetrical  orbitals.  Moreover,  X  pp  in  Eq.  (1), 
and  in  subsequent  equations,  denotes  a  symmetrical  orbital. 

We  used  the  following  approximations  and  assumptions  in  order  to  simplify  the  ferrocene  calculations: 
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TABLE  1 


1)  The  MO’s  of  the  molecule  were  limited  to  the  tt-MO’s  of  the  ring, 
which  are  constructed  from  the  atomic  2p2  carbon  orbitals,  and  nine 
3d®4s4p®  AO's  of  the  central  atom. 

2)  The  electrons  of  the  complex  were  regarded  as  located  in  a  field 
arising  from  a  positive  central  atom  shell  (Fe^)  and  from  the  shells  of  the 
rings  in  which  each  carbon  represented  a  unit  positive  charge. 

3)  For  the  AO's  Slater  wave  functions  with  the  effective  charges  listed 
in  Table  1  were  used. 

4)  In  the  S  matrix  all  the  off-diagonal  terms  Spq  (p  ^  q)  were  assumed  to  be  zero. 

5)  In  computing  the  matrix  elements  Hpq  (the  operator  which  includes  only  one-electron  terms)  all  the 
resonance  integrals  between  nonadjacent  carbon  atoms  were  taken  as  zero,  while  for  neighboring  atoms  the  value 
®CC~  '  2.39ev  was  used;  matrix  elements  Hpq  between  AO's  of  the  central  atom  and  ring  MO's  of  like  symmetry 
were  assumed  to  be  proportional  to  the  overlap  integrals.  In  computing  the  diagonal  matrix  elements  Hpp,  which 
represent  the  2p7r  atomic  orbitals  of  carbon,  we  took  into  account  the  valence  (oxidation  state)  energy  (W2p  = 

=  -11.28  ev);  this  is  usually  done  in  calculations  involving  ir -electron  systems  of  conjugated  hydrocarbons. 

6)  In  the  electron— electron  interaction  matrix  only  integrals  of  the  type  shown  below  were  considered: 


Atomic 

Effective  charge 

function 

c  j 

Fe 

2/» 

1,0 

4.>',  4p 

— 

1,0 

3d 

— 

2,0 

o'*  o'^o'' 
p  <I  p  <J 


dxv-''. 


7)  We  assumed  that  the  interaction  between  the  AO's  and  the  ring  MO's  of  like  symmetry  can  be  dis¬ 
regarded  (the  calculated  overlap  integrals  presented  later  in  the  paper  confirm  the  validity  of  this  assumption). 

8)  Only  one-center  and  two-center  integrals  were  evaluated. 

The  formulas  used  in  evaluating  some  of  the  integrals  have  been  previously  derived  [4,  5]  and  are  presented 
in  this  paper  without  explanatory  comments.  We  used  2.03  A  for  the  Fe— C  distance  and  1.43  A  for  the  C-C 
distance  [6]. 


The  Form  of  Initial  MO's 

Self-consistent  field  treatment  was  applied  to  the  19  MO's  of  the  complex  which  were  built  from  the  10 
ring  MO's  and  the  8  AO's  of  the  central  atom.  By  using  symmetrical  orbitals  (for  a  Osj  molecular  symmetry) 
we  broke  up  the  19th  order  secular  equation  into  :  three  4th  order  equations  (cjg,  eju.  e2g).one  3rd  order  equa¬ 
tion  (a^g),  and  two  2nd  order  equations(aju  and  e2u). 

If  we  use  only  the  real  symmetrical  ring  orbitals  (Table  2)  then  each  4th  order  equation  splits  into  two 
identical  2nd  order  equations  (the  2nd  order  equation  representing  orbitals  with  a  e^n  symmetry  also  splits  into 
two  identical  first  order  equations). 

In  Table  3  we  have  listed  the  symmetrical  orbitals  of  the  complex  and  in  Table  4  all  the  MO's  of  the 
complex. 


The  Evaluation  of  Matrix  Elements  Spq  and  Lpq 

In  evaluating  the  matrix  elements  Spq  and  Lpq=Hpq+Gpq  used  in  Eq.  (5)  and  (6)  it  is  important  to  re¬ 
member  that  the  fivefold  molecular  axis  of  symmetry  (along  which  the  AO's  are  quantized)  does  not  coincide 
with  the  Fe— C  bonds.  Hence,  we  have  to  carry  out  a  transformation  into  a  new  coordinate  system  where  the  z' 
axis  is  taken  along  the  line  of  a  Fe— C  bond.  Thus,  the  AO's  are  transformed  in  the  following  way  [7]: 


(Carbon  AO'sJi  ^'pj  i'  ^7>x' 
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(Iron  AO's) 


^Pi  =  ^'p*'  w  —  (|»p^,  sin  w 
^p*  =  ^Pt‘  ®*"  "  +  4'Px'  ^ 

<lfd,n  =  (cos*©— Vjsin^w)— sin  2©  +  w 

^'^xz  —  ^^dz'»  2©  +  cos  2(1)  —  y  sin  2© 

sin*  w  4-  y  <|>d^,^.8in2w4-  y  (1  -f  cos*©). 

TABLE  2 
C^5  Ring  MO's* 


Type  of  wave  function 


•1 

1  complex 

real 

a 

4'o  = 

1 

Vs 

:  (01  +  02  +  0a  +  01 

j  05) 

4*0  =  ■ —  (01  1-  02  +  08  -t-  04  +  05) 

r  S 

n=--^<++, ++_,)  = 

4 

=  l/^l-  (01  +  (02  +  08)  C08  72»  - 

'I'-H 

Vs 

(Oj  -f-  0j(O  f  08^*  r  04^0®  -|-  05(0^) 

—  (0a  +  0i)  cos  36°  ] 

ei 

'I'-t  = 

1 

Vs' 

(01  +  0a<»”*-f  0s<D"*  ^ 

040)' ®-f 

(++1  -  4'_i)  = 

\  0fcW^) 

=  ]/|  1(02  -05)  sill  72°  + 

+  (08  -  04)  sin  36°  f 

ez 

++2  = 

1 

Vs 

(01  +  020)*  f  030)*  f 

0lO)*  4 

)'.  =  -+(++2+'l'-2»  = 

050)") 

=y^  J  (01  -  (02  +  05)  cos  36°  -f 

+  (08  +  04)  COS  7-  1 

'l'-2  = 

1 

Vs 

(01  “1"  02^0“^  -|“  08W^ 

;  04a.-®4 

('^'+2  ~  *^-2)  = 

i  050)-®) 

==  ((02  —  05)  sin  S6°  — 

—  (03  —  04)  sin  72°) 

•  9j  stands  for  a  2p2  AO  of  the  jth  carbon  atcnn,  ©=e**^^^*are  the  normalization  constants 
if  the  2pz  carbon  orbitals  are  left  nonorthogonal. 

To  simplify  the  calculations,  all  the  off-diagonal  matrix  elements  Spq(p  q)  were  assumed  to  be  zero 
(for  diagonal  terms  Spp  si).  From  nowon,  nonzero  matrix  elements  Spq  between  the  symmetrical  orbitals  of 
any  nonreducible  representation  wereevaluatedsolely  for  the  purpose  erf  finding  matrix  elements  Hpq  in  accord¬ 
ance  with  the  assumptions  made  above. 
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Within  the  framework  of  the  above-made  assumptions  the  operator  H  in  the  matrix  elements  Hp^j=Hqp  = 


=  /  XpHXqdr*  has  the  form: 


_ t _ I _ 1 _ 1 _ 1 _ 1 _ 1 _ 1_ 

2'  r  .  r  .  r  .  r  .  r  ,  r.  r,  r, 

‘'2  ^3  C, 

_ 1 _ 

V  ^c"  ' 

where  Z[/ ti  represents  the  attraction  between  an  electron  and  a  corresponding  atomic  shell. 


TABLE  3 


Symmetrical  Orbitals  of  (C^^5)2Fe* 


Type  of  wave  function 


Symmetry  Type  of  wave  function 


X,  -j7^  (%  +  %) 

Xa  =  4s 
Xs  =  H* 

X4=^-j7;y(to“'l'o) 

Xb  ''‘/’z 

X7  =  -Krz 

X„  = 


Xl3  =  Vy 

X„  =  y-  (^2  + 

Xir,  =  '^**-M* 

Kl.  = -jy I  ®2> 

■*17  =  3^.1, 


'The  prime  and  double  prime  denote  LCAO's  in  the  first  and  second  C5H5  rings  respectively. 


All  the  off-diagonal  terms  Hpq  (p  ^  q)  are  presumed  to  be  proportional  to  the  corresponding  Spq  elements. 
The  resonance  integral  between  the  2p2  functions  of  adjacent  carbon  atoms  was  assumed  to  be  equal  to  that  in 
benzene(6  =  -2.39  ev),  since  only  the  one-center  and  two-center  integrals  are  considered  while  the  three  center 

r  8 

integrals  \  ‘Zp^.  —  -  Zp^dx  are  neglected.  Hence,  we  can  use  the  6  value  for  a  molecule  unperturbed  by  the 

,)  *  '■pp  ^ 

metal  atom.  The  formulas  used  for  evaluating  the  elements  Spq  were  taken  directly  out  of  [7]*  •  and  [8], 

•Since  all  the  symmetrical  orbitals  are  real  the  respective  complex  conjugates  of  these  functions  are  identical, 
and  therefore  we  will  henceforth  drop  the  asterisk. 

•  •  A  printing  error  was  found  in  the  cited  paper:  we  should  have  instead  of  'I\  in  the  equation  for  Sfa^g. 

Sd^a). 
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TABLE  4 


The  MO’s  of  a  (C^5)2M  Complex 


Sym¬ 

metry 

Type  I 

Symmetry 

Type 

fll'/l  +  '’12X2  1  ^13X3  ** 

CtoioXio  -f  fioiiXii 

^■21X1  t'  ^22X2  C23X3 

2^lu 

fiiioXio  +  <‘iiuXii 

CsiXi  f  <’32X2  1“  ^’ssXa 

+  ^43X5 

le'‘ 

Cj212Xl2  ^1213X13 

'•r4Xi  <’6RX5 

C1312X12  4*  C18I3X13 

'"iJ 

^seXe  "i'  ^’ctX* 

Cl414Xl4  “F  fWIAX.lS 

CM 

C7«X«  -1  f77X7 

^-2g 

C1514X14  +  CI8I5X15 

^^esXs  f  ^'soXo 

^ISieXl*  4  Cl«17Xl7 

cssXe  +  CooX# 

Cl7I«XW  f  Ci7I7X,7 

2^2« 

2^, 

XI8 

Xt9 

•The  asterisk  •  denotes  bonding  MO's. 

•  •As  will  subsequently  become  apparent  we  can  safely  assume  that  C21* 

=  C22  =  Ci3=C33  =  0  and  consequently  that  033  =  1. 

The  method  used  for  evaluating  the  matrix  elements  depends  on  whether  the  Xp  function  represents 
an  AO  of  the  central  atom  or  a  ring  MO  (see  Table  3).  For  the  first  case  we  used  Roothaan's  method  [9],  At  the 
same  time,  though  we  used  the  kinetic  energy  integrals  listed  in  Roothaan's  work,  we  calculated  the  nuclear 
attraction  integrals  using  the  equations  we  had  previously  [4,  5]  derived  for  closed-shell  distributions  involving 
4s,  4p,  and  3d  electrons,  which  were  similar  to  Roothaan's  equations  for  closed -shell  distributions  involving  Is, 
2s,  and  2p  electrons.  In  the  second  case  we  simply  applied  the  previously  mentioned  approximations; 


Hrr  =  5  -/.."X, 5  Xp  (-  A/2  -  S  -  7^)  Xprft  * 

i  * 

C  -I-  -f  ^  (2/^^.)  {2p,.)  rft, 

where 

C  E.,  ^  (2;-,,)  A/2  -  V  I)  (2,,,,)  ,/tand  8  -  ^  (2p„)  II  (2;,,^  dz  ^  -  2,3!l  e» 

and  denote  adjacent  carbon  atoms). 

These  are  the  respective  coulomb  and  resonance  integrals  of  the  normal  LCAO-MO  treatment  with  the  n  de¬ 
termined  by  the  symmetry  of  the  MO  (Tables  2  and  3).  The  integral  C  was  evaluated  using  the  method  de¬ 
scribed  by  Goppert-Mayer  and  Sklar  [10]  and  with  the  valence  energy  of  the  carbon  atom  taken  into  account 

(W2p=  -11.28ev).  The  integral  \  (-/L-j)  treated  as  an  ordinary  one-electron  two-center 

integral  equal  to:  ’ 
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\{'^Pz)a[ - =  — 7j[K  (oo)cos“(.)  |  A' (jTir) sin^ (o), 

where 

A'  (oa)  =  {  {‘2pa)a  ^  {2pa)„(i-., 

A'  (irir)=  {  (2/m)„  {2pK)„<1x. 

In  evaluating  the  matrix  elements  Gpq  we  only  used  coulomb  integrals  of  the  type 
which  for  the  sake  of  simplicity  will  henceforth  be  denoted  by 

la,,o,,|  0^0^)=^. 

The  evaluation  of  these  integrals  can  be  handled  in  three  distinct  ways  depending  on  the  form  of  Op  and 
Oq  1)  Op  and  Oq  are  the  2p^  atomic  orbitals  of  carbons;  2)  Op  and  Oq  are  the  AO’s  of  the  central  atom;  3)  Op 
is  the  2p2  AO  of  carbon  while  Oq  is  the  AO  of  the  central  atom. 

Let  us  now  examine  these  three  cases  in  more  detail. 

1)  Linear  combinations  of  integrals  of  the  first  type  are  encountered  in  computing  the  coulomb  [XpX’pIXqXq] 
and  exchange  [XpXqIXpXq  ]integrals,  where  Xp  and  X  q  are  the  ring  MO’s,  i.e.,  linear  combinations  of  Op  and 
Oq— the  2p2  AO’s  of  carbon. 

We  determined  the  contributions  of  various  one-center  (i  =  j)  and  two-center  (i^  j)  integrals  to  the  integral 
[XiXiIxiXil  (see  Table  3).  Numerical  integration  was  done  with  the  help  of  Kitani’s  Tables  [11].  We  found 
that  coulomb  integrals  of  the  type  [pzjPzil  PzjPZj]  contribute  68%,  ionic  integrals  of  the  type  [Pz^Pzil  PziPzjl 
29%,  and  exchange  integrals  [P2.Pzji  PziPzjl  only  3%**to  the  entire  integral.  Hence  in  computing  integrals 
such  as[  XpXpl  XqXq]  and  [  XpXq  | XpXq]  we  only  considered  coulomb  terms  of  the  type  [p2.Pz- 1  Pz  Pz'l 
(i  =»  j,  i  j)  which  are  equal  to;  ^ 

\Pzip2i  \  PzjPzj]  =  cos*(.>(/ra/>a  I />c;/)a|  ]-  <\i\U,)\f)KpK\pKpn]  -f- 
I  \/o  sin^  2(1)  (/^i:/>iT  I /?<3/>a|  sin^  2(t)  [)03/)Tr  | /73/)tc|, 

where  u  is  the  angle  between  the  direction  of  a  p^  AO  of  carbon  and  the  Cj  —  Cj  bond.  For  any  two  carbon  atoms 
on  the  same  ring  u  =  90®  and,  thus  [pziPzi  I  PzjPzjl  =  [pttptt  |  ptrptr].  The  evalutation  of  integrals  [y  v 
and  [xpXq  |  XpXql  reduced  to  the  evaluation  of  the  linear  combination  of  coulomb  integrals  of  tne 

six  types: 


2)  We  have  previously  [5]  derived  exact  equations  for  the  evaluation  of  coulomb  integrals  of  the  2nd  type. 

3)  Third  type  integrals  were  computed  by  means  of  the  formulas  shown  below.  In  the  integral  [aa/  0  6] 
a  denotes  a  2p  AO  of  carbon  and  0  and  4s,  4p,  or  3d  AO  of  Fe.  We  will  now  get: 

[PzPz  I  •'*'•''1  =  I  x.s]  cos'^  (I)  j  [pnpn  \  ss]  sin^  (u, 

[PzPz  1  PzPz]  =  l/«3/'0  i  popo]  cos'  (.)  I  |/):r/)7r  |  pjzp-]  s\i\*  (o  f 
I  {l/)o/)a  j  pnpn]  -j  |/>iT/)rt  I  papa]}  sin"  (ucos"  (o, 

\PzPz  I  PxPx]  =  (1  WO  I  />o/'a|  I  l/>it/)n  I  /)i:/)irl}  sin^  (ocos^  (»  -| 

|-  [papo\  /)tc/)it]  cos*  (I)  1  (/)tc/)ir  |  /xj/kj]  sin'*  (o. 

•These  were,  however,  computed  for  both  the  coulomb  [v’jV’i  jXpXq]  as  well  as  the  exchange[</>j  Xp|  ‘^iXq] 
components  of  the  matrix  element  Gpq, 

•  "In  other  integrals  involving  ring  MO’s  the  relative  contribution  of  the  coulomb  term  is  even  greater. 


pIXqXql 

following 


r'‘ '' 
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\PiPt  I  dmdm]  =  ('i \P<3P<3 1  dafh]  f  C\\popo  \  dndn]  |-  Cslpapa  \  rf8rf«)  ^ 
+  C4  I/7iT^>rt  I  (fada]  }  (Wprpn  \  dndn]  C^lpnpn  j  r/W8) . 

The  coefficients  Cj  of  this  last  expression  are  listed  in  Table  5. 

TABLE  5 


m 


1 

xz 

-T*  —  V* 

L’l 

cos*  (1)  (cos*  (1)  —  '/j  sin*  (i>)* 

3 

—  cos*  (0  sin*2  co 

4 

~  cos®  CO  sin*  (0 

4 

r. 

3 

-r-cop*  o>  sin*2  <0 

4 

cos*  (0  cos*2  CO 

cos*  CO  si  11*2  Cl) 

4 

—  cos*  0)  siir  (I) 

4 

cos*  (0  sin*2  o) 

4 

cos*  CO  ( 1  1  cos*  co)* 

(\ 

sin*  Cl)  (cos*  Cl)  --  Vi  <”)* 

“  sin*  (0  sin*2  <0 

4 

3  .  ,  .4 

—  sin*  (0  sirr  co 

4 

(\ 

3 

—  sin*  Cl)  8111*2  CO 

4 

sin*  (0  cos*2  (1) 

\ 

—  sin*  0)  sin*2  co 

4 

(\ 

^  sin*  CO  si  11^  (0 

4 

\ 

sin*  CO  sin“2  o) 

4 

4-sin®(o(1  L  coa®o))* 

4 

The  interaction  integrals  found  on  the  right  hand  side  of  these  equations  were  evaluated  with  the  help  of 
previously  derived  [5]  approximate  formulas. 

Numerical  Values  of  Matrix  Elements 
Matrix  Elements  Spq 

•’»'(« n-  ''•s)  --^12  -(Ur.n, 

•'W,.)  -  .<^,3  0.02:1. 

iS'  (aj„,  --  Sif,  ~  0,06:1, 

S  ^xz  ^  ~  ~  *^8®  “  0,339, 

•5  'Vn  = 


Matrix  Elements  H 


pq 


Hu 

—  4,3:141 

fffl?  =  —  -  - 

0.1230 

Hn 

-  —0,1:102 

//„  =.  //„«  =  _ 

l),070() 

=  —  4.554(1 

^^10.10  ~  ^^12.12 

^  —4.4128 

Ifm 

_  0.0052 

^^10,11  ~  ^^12,1.1 

—0,1379 

Ifu 

—4.5:141 

--  —4,4741 

flv. 

;  —  0.()22i» 

^^14.14  “  ^^Ifi.lfi 

-  —  4.21(i4 

II,:, 

--  —  4.709;i 

^^11.15  “  ^^Ifi.lT 

-  —  (),0()97 

II, .r. 

=  //ss  4.412.S 

^^16.16  “  ^^17.IT 

5.8619 

^^IR.IS  “  ^^19.19 

--  —  4,2164 

•In  atomic  units:  1  a.u.  =  27.21  ev. 
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Matrix  Elements  G, 


1  1  CM  1  1^:  I  '■r  1  ic  I  cc  1 I  oo  j  os  j  o  |  j  ^ 

IS  ll;: 

oc 

c  v  y. 

CO  Tl 

Cl  o 

X 
■£>  Cl 
Cl 
Cl  C 

o'c’ 

Cl 

t'- 

Cl 

O 

X 

CO  CO 
CO  CO 
CM 

Cl  o 

oo 

X 

CM 

O 

X  I'- 
vr  CO 
C^l  O 

c'o 

X 

CM 

o' 

X  1- 
CO  X 
X  !-• 
>r  CO 

C^l  o 
oc' 

X 

(TJ 

X  vy 
CO  ^ 
X  CO 
vT  CO 
CJ  c 

o'  o' 

CO 

n 

o' 

X  vy 
CO  ^ 
X  CO 
vr  CO 
CMO 

o*  o 

CO 

CM 

o' 

tv-  vy 
C  vy 
ii?  X 
CM  CM 
CM  O 

c'o 

X 

CM 

o' 

05 
X  CM 
1-  CM 
X  CM 
CJ  — 

c  o'_ 

vy  ~ 

O  ^ 

Cl  Cl 
CJ  o 

o  c 

CJ 

.Jr' 

X 

CM 

o' 

QO 

CO 

CJ 

t- 

Cl 

1  Jf.  CO 
CO  W 
CO  CO 

1  ^  Cl 
CM  O 

X 

CM 

o' 

op  r- 
x  oo 

X 

^  rO 
CM  O 

o'  o' 

s 

o 

X  r^ 
CO  X 
X 

vr  CO 
Cv|  O 

o'  c* 

X 

CM 

o' 

op  vr 
X 

X  CO 
vr  CO 
cj^O 

c'o' 

CO 

CJ 

gf  :2: 

X  CO 
vy  CO 
Cl  O 

o  o 

CO 

CM 

O 

c:  C. 

t2^-l 

X  CJ 
CJ  ^ 

oo' 

(.1 

o 

CD  1 
Ol  1 

o 

rj 

00 

CJ 

oo 

Cl 

vr 

oO 

05 

CD  1 
CM  1 

cT 

cj 

CM 

o' 

CD  1 
CM  1 

c' 

vr 

CM 

O 

lO 

o 

i 

o 

cj 

o 

to 

O 

CD  1 
eg  1 

o' 

X 

■  o' 

O  1 

CM  1 

<D 

X 

oO 

X 

CM 

<3 

CD  1 

eg  1 
o' 

vy 

CO 

»c 

»c 

o 

CJ  1 

§ 

CO 

X 

to 

o 

X'  CC' 

CC  'C 

cc  c: 

Cl 

Cl  c 

c’  c 

CO 

CM 

o' 

ki 

c* 

OO  »o 
CO  00 
X-  Cl 
vr  CJ 
CM  O 

X 

CM 

o' 

OO  vr 
CO  — 
X  CO 
vr  CO 

C^J  o 
o'  o' 

X 

(M 

o 

X  vy 
CO  V-- 
X  CO 
vr  CO 
CM  o 

o'  o' 

X 

(M 

X 

Vt»  CO 
CM  O 

o' o' 

CO 

CM 

1  O 

X 

CO  X 
X  tv. 

vr  CO 
CM  O 

o'  o' 

CO 

CM 

o' 

O  CO 

CM  CM 
CM  O 

o' o' 

X 

Cl 

o 

o 

X 

tv 

q 

o' 

CD  1 

1 

o 

CM 

00 

CJ 

00 

Cl 

S 

15 

CD  1 
CM  I 

O 

CM 

CO 

CM 

CM 

O 

CD  1 
CM  1 

CD 

vr 

CM 

O 

»c 

O 

<D  1 

CM  1 

o' 

vy 

CM 

O 

lO 

o' 

S  I 

o' 

X 

X 

1  CM 

1  o' 

CD  1 
eg  i 

o' 

j. 

c 

X 

X 

CM 

X  1 

CM  1 

o' 

o 

CJ 

X 

»o 

o 

ro 

Cl 

X  cc 
CO  cc 
cc  r: 
vr  Cl 
Cl  o 

<zd' 

CO 

CM 

CM 

O 

00 

CO  OQ 
X  Cl 
vr  CM 
CMO 

•  o^'o’^ 

X 

CM 

X  vr 
CO 

X 

CO 
CM  O 

oo 

X 

CM 

O* 

X  vy 
CO  ^ 
X  ^ 

CM  O 

OO 

X 

CM 

o' 

0,24638 

0,03787 

CM 

X 

r'j  X 

X  I-- 

vr  cc 
CMC 

o'  C 

CO 

CM 

a. 

X 

|v 

X 

CJ 

s  1 

o* 

CJ 

o 

CM 

Cl 

O 

lO 

I'-* 

t— 

CM 

O* 

CO  1 

CM  1 

O 

ID 

<35 

CM 

C5 

CD  1 

CM  1 

<D 

CM 

CO 

CM 

CM 

O 

CD  1 

CM  1 

O 

<50 

§3 

o* 

CD  1 

CM  1 

I'- 

IC 

C5 

CM 

o' 

q  1 

o' 

Cl  1 
vr 

X  i 
vy  1 
CM 

o  ! 

QC  05 
CD  »5 
CD  iM 
vt<  1 

Ot  O 

0*0 

CO 

.  1 

1^ 

CJ 

00  CM 
CO  CO 
X  .  1 

VP  ^ 

1  o 
o"  o* 

X 
c  J 

lO  CO 
lO  vr 

CO  'r-t 
CM  O 

o' o' 

X 

C^J 

o' 

^  tv- 

CM  CM 
X  tv. 

UO  O 
CV| 

O  O 

<50 

-N 

o' 

lO  CO 
»o  00 

sy  ^ 
CO 

CM  O 

o' o' 

CO 

CJ 

1 

X  1 

i  i 

CD  1 
CM  1 

O 

CM 

o 

CM 

.M 

O* 

vr 

lO 

r- 

CM 

o" 

CD  1 

CM  1 

O 

lO 

C5 

CM 

o' 

X  1 

CM  1 

o 

s 

X 

X 

CM 

o' 

CD  1 

CM  1 

<D 

CM 

CO 

CM 

r- 

CM 

O 

CD  1 

<cg  1 
o' 

CM 

O: 

vy 

CM 

o' 

00  c. 
CO  00 
cc  CM 
vt»  IC 
CM  O 

o  o 

CO 

CM 

t- 

CM 

O 

op  CM 

X  CM 

vy 

CM  O 

o’*  O 

:d 

CM 

O 

CM  CM 

SS 

CM 

o' o' 

X 

CM 

O 

to  CO 
lO  vy 

vy 

O 

o  o* 

<o 

CM 

CM 

o' 

CO 

00  1 
CM  1 

O 

-M 

X 

CM 

OO 

CM 

o 

o 

lO 

o 

00  1 

CM  1 

o 

$ 

§8 

CM 

CD 

00  1 

CM  1 

<D 

vr 

CM 

O 

o' 

<50  1 
<M  1 

o' 

00 

CD 

ID 

<D 

00  CJ 
CO  cc 
cc  CM 
vr 

CM  O 

cTo 

CO 

CM 

o 

CM 

o 

c8  55 

^  irs 
CM  o 

o'o 

X 

,'J 

O 

>0  CO 
»C  X 
nT 

CO 

CM  O^ 
OO 

X 

cv* 

o 

CM 

X 

li'J 

CM 

O 

1- 

00  1 
CM  1 

o 

CM 

OO 

CJ 

oo 

CM 

o 

iO 

o 

00  1 

CM  1 

o 

00 

O 

00 

X 

o 

00  1 

CM  1 

<50 

O 

CD 

1^ 

c' 

iO 

kO 

eo 

00  CJ 
CO  CC 
U  CJ 
vT 

CJ  O 

CO 

CM 

O 

CM 

o 

S  00 

CO  CM 

VP  lO 

CM  O 

0*^0 

X 

CM 

o 

CM 

X 

»o 

(M 

O 

CD  1 
<M  1 

o' 

CM 

vO 

O 

CJ 

CM 

O 

CO 

CO 

CO 

05 

CM 

O 

CD  1 

CM  1 

O 

CM 

>y 

CD 

vr 

CM 

o' 

00  vr 

ro  00 
^  cr. 

CM  o 

cr* 

CO 

CM 

Cl 

00 

CO 

X 

VP 

CM 

o 

^  ' 
o' 

00 

CM 

CO 

CJ 

00 

»o 

O 

i?l 

o  1 

Cl 

e 

CM 

o 

Cl 

CJ 

- 

X 

CO 

CO 

vy 

CM 

C 
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•The  numbers  in  the  pq  squares  give  the  values  of  the  coulomb  integrals  [XpXpjXqXq].  In  cases  where  our  approximation  does  not  yield  a  zero  exchange 
'integral  [XpXq  |  XpXq]  ,  the  value  of  the  latter  is  then  given  below  that  of  the  coulomb  integral.  All  the  values  are  in  atomic  units. 


TABLE  7 


SCF  Calc  ul  at  ions 


The  Matrix  Elements,  and  the  MO  Coefficients  and 
Energies*  in  the  Last  Cycle  of  SCF  Calculations 


C,j  and  £  . 

Assigned 

Obta  ined 

-0,4020 

<^11 

0,871 

0,.S72 

f-22  ---  -0, 1S2S 

'’12 

0,491 

0,4.89 

/.,2  =  -  0,2280 

El 

(),.589 

-0,590 

So 

-0,0.53 

—0,0.55 

/.j,2  ^  -  0,3105 

E3 

— 0,.30.5 

-0,310 

L44  =  —0,5008 

r  14 

0.997 

0,991; 

/  55  -1-0,010.5 

C*f, 

o.oro 

0,088 

/,„  =  —0,0403 

— 0,.504 

-0,.505 

85 

-f  0,024 

H -0,020 

=  --0,.3101 

Ces  = 

0,927 

0,927 

==  -1  0,1.302 

0,.374 

0,.374 

/^67  = -0,2202 

So  —  Em 

—0,404 

—0,405 

87  =  ep 

-1-0,2.32 

-!  0.228 

^loiio  —  — 0,285.8 

Eio.io  =  Cl3,l2 

0,811 

0,810 

-0,1225 

ElO.ll  =  E12,1S 

0,.585 

0,.586 

/^in.ii  =--0,2409 

E|0  =  8i2 

-  0,403 

-  0,484 

811  =  *13 

-f  0,0.57 

4-0,0.50 

f-11.14  =  -h0|06()3 

Ell. 14  =  Cie.ig 

0,.526 

0,.52.5 

/-IS. IS  =  -0,1199 

Eh, 15  •=  Eia,i7 

0,8.50 

0,.S51 

•f'H.is  -  — 0,1850 

814  =  *16 

—0,231 

—0,2.35 

8i5  =  E17 

-1  0,183 

4-0,181 

6ir  =  *10 

-!  0,105 

-1  0,10.3 

•  In  atomic  units 


Using  the  matrix  elements  listed  above  we  im¬ 
proved  the  molecular  orbitals  by  means  of  the  self- 
consistent  field  treatment  worked  out  by  Roothaan  for 
molecules  with  a  singlet  ground  state.  In  Table  7  we 
have  listed  the  values  of  the  matrix  elements  Lpq  after 
the  last  cycle  of  the  SCF  calculations,  while  alongside 
we  have  compiled  the  assumed  and  the  calculated  (after 
the  last  cycle)  energies  and  coefficients  Cy  of  the  mole¬ 
cular  orbitals:  a  comparison  between  the  calculated  and 
the  assigned  values  indicates  the  degree  of  self-con¬ 
sistency. 

The  Final  Form  of  the  SCF  MO's  of 
Ferrocene  and  the  Orbital  Energies 

We  are  now  going  to  present  the  final  form  of  the 
self-consistent  bonding  molecular  orbitals  of  ferrocene 
in  the  form  Cj  +  CjBj;  the  corresponding  antibonding 
orbitals  of  the  same  symmetry  are  expressed  in  the  form 
C2  0i-Ci  0j.  The  energies  of  the  orbitals  are  given  in 
parentheses  (in  electron  volts),  where  the  first  number 
refers  to  bonding  and  the  second  to  antibonding  orbitals: 


0,87ri,<,  1  {)/i\)s 

(—  t().09;  —  t,.")0) 

dii 

(-8.44) 

^lu 

0,99ai„-i  0,10/>7 

(_  13,74;  -1  0,.Vi) 

0,99/7, 

(—12,62;  +1,52) 

^'ig 

0,93fif:  0  37f47 

(—11,02;  +6,20) 

0,52e...„  -1-  0,85t4y 

(-6,39;  i  4,92) 

(+2,80). 

The  energy  of  the  highest  filled  orbital  (with  the  sign  reversed,  +  6.39  ev)  gives  the  first  ionization  po¬ 
tential  of  FefCsHs)!  which  agrees  well  with  the  experimental  value  (7.05  ev). 


We  computed  the  excitation  energies  of  ferrocene  for  the  following  one-electtvin  transitions: 


Mg  ' 


— *  ''liujand  fijg  >  eiu  (^-^1 


ig' 


Xu). 


[Equation  (9')  was  used  to  determine  the  average  excitation  energies  to  singlet  and  triplet  states  witn  the  config¬ 
uration  interaction  neglected].  These  energies  turned  out  to  be  1.0  and  2.5  ev  respectively*  .  The  last  transition 
seems  to  correspond  to  the  absorption  band  observed  in  the  spectrum  of  ferrocene  at  4300  A  (in  solution)  or  4400 
A  (in  the  solid  state),  which  represents  an  energy  of  2.85  ev. 


*Our  calculated  values  came  out  fairly  close  to  the  transition  energies  calculated  by  Yamazaki  (0.9  and  2.5  ev) 
despite  the  fact  that  the  energies  of  our  MO’s  and  symmetries  of  upper  filled  levels  were  different.  This  agree¬ 
ment  is  apparently  due  to  the  fact  that  in  Roothaan’s  method  the  energies  of  free  orbitals  [given  by  the  roots  of 
the  Determinant  (6)]  have  no  physical  meaning. 
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The  MO  energies  calculated  by  us  differ  from  those  reported  by  Yamazaki  in  the  following  respect.  Whereas 
we  get  positive  energies  for  our  antibonding  orbitals  (except  for  the  ajg  orbital,  which  has  a  small  negative 
energy)  Yamazaki  gets  large  negative  energies  for  all  of  his  (from  -7.07  to  -  3.64ev).  The  energy  range  of  our 
bonding  orbitals  is  in  close  agreement  with  that  found  by  Yamazaki;  the  positions  of  the  lowest  orbital  aig(-16.80 
ev  in  Yamazaki’s  case)  and  the  second  bonding  orbital  of  symmetry  a'jg  (-8.57ev  inYamazaki’s  case)  are  also 
in  close  agreement.  At  the  same  time,  in  Yamazaki's  case  the  last  orbital  mentioned  above  is  a  hydrid,  where¬ 
as  in  our  case  it  is  a  pure  dz*  orbital.  The  petitions  and  sequence  assigned  by  us  to  the  other  orbitals  differ 
somewhat  from  Yamazaki's  assignments.  We  are  unable  to  account  for  these  differences  because  Yamazaki  still 
has  not  published  a  detailed  paper  with  his  calculations. 

We  intend  to  postpone  any  broader  discussion  of  our  results  and  conclusions  based  on  these  data  until  simi¬ 
lar  calculations  on  (C5H5)2Cr,  (05115)200'*^,  and  (C5H5)2Cr  have  been  completed. 
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In  an  earlier  pap)er  [1]  we  have  shown  how  nuclear  magnetic  resonance  (NMR)  measurements  can  be  used 
to  determine  the  r  j/r  ratio  for  hydrated  ions.  According  to  the  theory  developed  by  Samoilov  [2],  this  number 
gives  the  ratio  between  the  time  spent  by  a  water  molecule  in  the  equilibrium  position  nearest  to  the  ion  in  the 
solution  structure  (rj)  and  the  average  time  a  water  molecule  spends  in  an  equilibrium  position  ir  the  water 
structure  (f ).  By  studying  the  proton  relaxation  of  diamagnetic  solutions  we  can  get  the  value  of  r  ^/r  ,  the 

ratio  between  the  correlation  time  of  the  dipole  interaction  for  protons  in  an  aqueous  solution  of  diamagnetic 
compounds  (rj.)  and  the  same  function  in  pure  water  (r  ®  ),  The  value  of  ^  is  probably  close  to  that  of  n/r 
We  had  previously  determined  the  ratios  for  the  nitrates  of  group  II  elements  [1].  However,  the  literature 

contains  very  little  data  on  the  rj/r  ratios  for  these  ions,  and  consequently  we  could  not  tell  definitely  how 
similar  these  two  ratios  actually  are. 

The  most  thorough  study  of  local  hydration  has  been  done  for  the  alkali  metal  and  halide  ions  [2].  Below 
we  are  going  to  present  some  of  our  preliminary  results  obtained  from  the  proton  relaxation  measurements  in 
aqueous  solutions  of  these  ions. 

The  experimental  technique,  the  preparation  of  samples,  and  the  calculations  did  not  differ  in  any  im¬ 
portant  details  from  those  reported  in  Communication  I,  Since  these  ions  produce  very  weak  relaxation  effects, 
conditions  were  slightly  altered  so  as  to  make  the  experiment  more  sensitive,  which  is  reflected  in  the  precision 
of  our  measurements.  The  data  are  given  in  arbitrary  units  as  before. 

In  the  table  we  have  listed  the  molar  relaxation  shifts  Aj^  and  the  Tc/Tq  ratios  for  alkali  metal  ions  and 
ammonium  nitrates,  sodium  halides,  sodium  perchlorate,  and  sodium  sulfate;  we  have  also  listed  the  t^/t  ratios 
calculated  from  ionic  mobility  and  water  self-diffusion  data  [2], 

Our  ratios  for  the  alkali  metal  ions  exceeded  the  literature  values  by  about  one  unit,  and  in  the  case  of 
halide  anions  our  ratios  were  about  double  the  literature  values.  This  is  not  entirely  unexpected,  since  our  data 
included  the  effects  of  both  the  cations  and  the  anions.  At  the  same  time  we  would  like  to  point  out  how  con¬ 
sistent  the  potassium  and  sodium  data  are.  It  turns  out  that  not  only  is  the  difference  between  the  ri/r®  and  the 
rj/r  ratio  of  each  metal  about  the  same  (1,04  and  0.93),  but  that  both  of  the  sodium  ratios  differ  by  almost 
the  same  magnitude  from  the  corresponding  potassium  ratios  (0.92  and  0.81). 

In  the  case  of  lithium,  these  relationships  are  not  as  clear-cut.  A  qualitative  explanation  for  this  irregu¬ 
larity  is  possible  by  attributing  it  to  the  different  type  of  electron  cloud  around  the  lithium  ion  (a  helium  as 
opposed  to  a  neon  configuration),  which  might  be  expected  to  produce  different  bonding  between  the  ion  and 
the  water  molecule.  Since  the  relaxation  shift  also  depends  on  the  ionic  radius  one  might  have  predicted  this 
difference  (see  the  figure). 


Ill 


Molar  relaxation  shift  as  a  function  of  the  ionic  radius. 
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•Extrapolated  from  the  curve  of  n.vs.  ionic  radius. 

•  •  Conditions  were  chosen  to  make  the  measurements 
even  more  sensitive. 

or  cation).  Our  choice  of  standard  state  was  based  on 
following  value: 


Using  the  available  data,  one  can  attempt  to 
separate  the  effects  of  anions  and  cations.  The  first 
problem  connected  with  this  involves  the  determi¬ 
nation  of  a  correction  for  the  effects  produced  by  the 
nitrate  ion.  and  after  the  correction  is  introduced  one 
can  attack  the  sodium  and  potassium  data.  The  fig¬ 
ure  shows  that  the  Aj^  values  of  sodium  nitrate,  per¬ 
chlorate.  and  sulfate  do  not  fall  on  a  curve  resembling 
the  one  obtained  for  the  halides.  This  unusual  be¬ 
havior  can  probably  be  attributed  to  the  specific 
character  of  these  ions:  the  oxygen  atoms  promote 
hydrogen  bonding  and  consequently,  despite  a  greater 
ionic  radius,  the  hydration  is  more  positive  than  in 
the  case  of  the  halide  ions.  The  Raman  and  ultra¬ 
violet  spectra  of  aqueous  solutions  of  these  ions  lead 
to  a  similar  conclusion  [3]. 

This  would  indicate  that  the  T’j./r  ®  ratio  (and 
probably  rj/r  too)  for  the  nitrate  ion  should  be 
slightly  greater  than  unity.  We  would  now  like  to 
propose  a  solution  for  the  problem,  and  our  approach 
may  be  vindicated  by  the  above-mentioned  agree¬ 
ment  between  the  literature  and  our  data.  Equation 
(5)  of  Communication  I  assumes  the  following  form 
for  1-1  electrolytes: 

i\„K  —  K+ K_,  (1) 

where 


(n  i  is  the  hydration  number  of  the  respective  anion 

r*./r  ®  ratio  of  sodium  nitrate  and  we  selected  the 
^  c 


(''c/‘fc)Na'^  =  1-50.  (3) 

This  gives  a  (r^/ r®)j405'  "  1.70.  In  one  of  the  columns  in  our  Table  we  have  listed  the  fj./r  ®  ratios  of  indi¬ 
vidual  ions  calculated  by  the  above -described  method. 

It  is  quite  apparent  that  the  agreement  with  literature  data  depends  entirely  on  the  accuracy  of  our  meas¬ 
urements.  It  is  also  interesting  to  note  that  by  correcting  the  sodium  halide  data  for  the  cation  effect  we  not 
only  get  reasonable  Tq/Tq  values  for  the  halide  ions  but  also  find  that  both  ratios  show  a  consistent  change  as 
one  proceeds  from  the  chloride  to  the  iodide. 

The  most  important  result  of  our  work  is  the  discovery  of  a  regular  decrease  in  the  r^/r  ®  ratio  as  one 
proceeds  from  lithium  to  potassium,  with  the  latter  having  a  ratio  of  less  than  one.  This  fact  is  in  full  accord 
with  the  negative  nature  of  the  K'*’  hydration  pointed  out  by  Samoilov  [2].  Even  only  a  qualitative  agreement 
would  warrant  the  use  of  this  simple  NMR  technique  for  the  determination  of  the  T^/r^  ratios.  At  the  same 
time  the  good  quantitative  agreement  between  the  rjj/r  °  and  the  fj  /r  ratios  indicate  that  the  results  obtained 
by  this  method  are  sufficiently  reliable. 

The  authors  express  their  sincere  gratitude  to  Yu.V.  Gurikov  for  his  valuable  advice. 
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The  nuclear  quadrupole  resonance  spectrum  of  1,2,3-trichlorobenzene  has  previously  been  investigated  by 
Bray  and  co-workers[l,2].  The  first  paper  lists  five  bands  for  the  spectrum  of  this  compound,  whereas  the  second 
paper  gives  six.  The  discrepancy  between  the  results  was  not  discussed.  To  be  more  explicit,  we  might  mention 
that  the  conflict  is  caused  by  the  fact  that  in  his  second  paper  Bray  reports  a  band  at  36,238  Mcs,  located  be¬ 
tween  two  previously  reported  at  36,214  and  36,268  Mcs  belonging  to  the  original  quintuplet. 

An  x-ray  diffraction  study  of  1,2,3-trichlobenzene  (undertaken  in  the  x-ray  analysis  laboratory  of  the 
INEOSa  of  the  Academy  of  Sciences  of  the  USSR  by  Yu.  T.  Struchkov  and  I.N.  Strel'tsova)  shows  that  a  unit  cell 
contains  two  crystal lographically  distinct  molecules  located  in  general  positions.  Therefore,  there  are  three 
different  Cl  atoms  in  each  1,2,3-trichlorobenzene  molecule,  while  in  the  crystalline  state  we  have  six  different 
chlorines  [3],  It  was  therefore  interesting  to  find  some  unequivocal  evidence  for  the  presence  of  six  peaks  in  the 
nuclear  quadrupole  resonance  spectrum  of  this  compound. 

The  reason  for  the  discrepancy  observed  by  Bray  is  quite  obvious.  He  used  the  super-regenerative  method 
[4]  in  which  every  resonance  band  is  surrounded  by  side-bands.  In  the  case  of  1,2,3-trichlorobenzene  the  side¬ 
bands  are  about  the  same  distance  apart  as  are  the  primary  components  of  the  spectrum,  which  renders  any  inter¬ 
pretation  of  the  spectrum  very  difficult. 

We  examined  the  quadrupole  resonance  spectrum  of  1,2, 3- trichlorobenzene  by  using  a  regenerative  spectro¬ 
meter  free  of  this  defect  [5,  6].  The  spectrum  was  recorded  under  a  cosine  regime  [6]  at  7TK.  Our  spectrum 
showed  six  bands  the  spacing  of  which  agreed  quite  well  with  the  frequency  separations  given  in  [2], 

Thus,  it  is  important  to  consult  the  available  crystallographic  data  in  interpreting  the  number  of  bands 
shown  in  the  nuclear  quadrupole  resonance  spectrum  of  a  compound,  especially  if  one  deals  with  splittings  on  the 
order  of  several  tens  of  kilocycles  per  second. 

We  will  postpone  the  discussion  of  the  specific  arrangement  of  the  bands  in  the  spectrum  of  1,2,3-trichlo- 
robenzene  until  after  the  x-ray  study  is  completed. 

The  author  wishes  to  express  his  deep  gratitude  to  A. I.  Kitaigorodskii  and  Yu.T.  Struchkov  for  their  interest 
in  this  work. 

LITERATURE  CITED 

1.  P.I.  Bray,  R.G.  Barnes  and  R.  Bersohn,  J.  Chem.  Phys.  813(1956). 

2.  P.I.  Bray  and  R,G.  Barnes,  J.  Chem.  Phys.  551  (1958). 

3.  A. I.  Kitaigorodskii,  Organic  Crystal  Chemistry  [in  Russian]  (Izd.  AN  SSSR,  Moscow,  1955). 

4.  T.P.  Das  and  E.L.  Hahn,  Nuclear  Quadrupole  Resonance  Spectroscopy  (New  York,  1958). 


114 


/ 


5.  I^.I.  Fedln  and  G.K.  Setnin,  Radiotechnology  and  Electronics  [in  Russian]  (1959)  Vol.  1, 

6.  E.I.  Fedln  and  Yu.S.  Konstantinov.  Pribor.  i  Tekh.  Eksp.  2,  27  (1959). 


p.  127. 


115 


THE  COORDINATION  OF  NICKEL  IN  Ni  (CN)  2  NH3  *  nHjO  Crystals 


M. A.  Porai-Koshits 

N. S.  Kurnakov  Institute  of  General  and  Inorganic  Chemistry, 

Academy  of  Sciences  of  the  USSR 

Translated  from  Zhurnal  Strucktumoi  Khimii,  Vol.  1,  No.  1,  pp.  125-126, 
May-June,  1960 

Original  article  submitted  October  22,  1959 


Rayner  and  Powell  [1]  have  shown  that  solid  Ni(CN)2NH3‘ nH^O  consists  of  a  two-dimensional  network  of 

NH3 


N' 


Ni(CN)2NH3  molecules  (with  square  loops)  in  which  octahedral 


Ni 


-N 

I  units  alternate  with  square  planar 
^N 


NH, 


NiiT  units.  Successive  planes  are  superimposed  in  such  a  way  that  the  octahedral  units  of  one  lie  over  the 

/V 


center  of  the  loop  of  another  (see  figure),  which  leads  to  the  closest  packing  of  layers.  The  planes  are  slightly 
C  C 

X  / 

crimped— the  Niji  units  are  displaced  by  about  0.4  A  from  the  average  lattice  plane.  Water 

_/  V 


molecules  are  located  between  the  planes  and  lie  on  the  normals  passing  through  the  Nijj  atoms. 

The  position  of  water  has  not  been  fixed  unequivocally.  The  x-ray  diffraction  data  used  in  [1]  did  not 
permit  a  clear  cut  choice  between  the  two  possible  values  for  the  z  coordinate  of  H2O  (0.809  and  0.691).  The 
knowledge  of  the  correct  position  of  these  molecules  is  of  primary  importance.  The  first  value  would  yield  a 
Niii” H2O  distance  of  3.10  A,  which  corresponds  to  the  sum  of  the  Van  der  Waals  radii,  while  the  second  one 
would  yield  2.07  A,  which  is  equal  to  the  sum  of  the  covalent  radii.  In  the  first  choice  the  Nin  atoms  would 

2  3 

have  a  dsp  configuration,  whereas  in  the  second  case  they  would  have  a  square- pyramid  dsp  configuration  and 
a  coordination  number  of  5. 

It  is  our  opinion,  however,  that  the  over-all  atomic  distribution  in  the  solid  favors  the  first  possibility.  In 
fact,  if  the  structure  were  to  be  based  on  the  covalent  Nijj-H20  bond  then  due  to  the  fact  that  the  Nii-NH3 
and  the  Niii-H20  covalent  radii  are  very  similar  (2.10  and  2.07  A  respectively)  one  could  achieve  the  closest 
packing  without  having  to  distort  the  lattice  planes  (the  NH3-H,  NH3-C,  H2O-N,  and  H2O— C  contacts  are  re¬ 
sponsible  for  the  distortion).  The  crimping  of  the  layers  would  then  increase  the  H2O-N  and  the  H2O  -C  dis¬ 
tances  to  3.9  and  4.1  A  respectively,  greatly  in  excess  of  the  known  intermolecular  distances.  The  consequent 
bending  of  the  -ChN  angle,  which  in  itself  requires  some  energy,  would  lead  to  a  loss  of  about  half  the  con¬ 
tacts  between  the  layers  and  the  loss  could  only  be  partially  compensated  by  the  new  possibility  of  C— C  inter¬ 
action  between  the  layers  (the  C-N=3.82  A  and  the  N— N  =  3.97  A  distances  would  still  exceed  the  intermole¬ 
cular  distance).  It  is  then  quite  obvious  that  the  second  ofthe  two  possibilities  is  energetically  unfavorable. 
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Distance  between  bound 

Distance  between  unbound  atoms,  A 

atoms,  A 

NM  -  A 

H.O  -  A 

Nil  —  N  =2,11(4) 

Nil,  — G  =3.5,  (2) 

HjO-Ni,,  =3,lo(l) 

Nij  —NHn=  2,10(2) 

Nll,-C  =3,53(2) 

H2O  — c  =3,37(4) 

Ni,,— (',  =  1.80(4) 

Nil,  — N  =3,54(2) 

II2O  — N  =3.18(4) 

C  — N  =1,15(1) 

NII3-N  3,5«(2) 

NH,  —  N  11,=  3,02(2) 
Nils  — 11-0=  3,22(1) 

11,0 -11,0  =3,7.  (2) 
11,0  — Nil,  =3,22(1) 

C  — G  =3,7,(1) 

b’Ujp 


On  the  other  hand,  if  the  first  possibility  is  chosen;  the  lattice 
crimping  can  be  readily  explained  by  attributing  it  to  the  inclusion 
of  water  molecules  between  the  layers;  the  displacement  of  in¬ 
dividual  network  loops  leads  to  normal  Van  der  Waals  distances  be¬ 
tween  the  H2O  molecules  and  the  nearest  neighbors  (Nijj  on  one 
side  3.10  A  away,  C  and  N  on  the  odier  at  a  distance;  of  3.18  A  and 
3.37  A  respectively),  and  at  the  same  time  it  allows  for  contact 
between  the  carbons  of  adjacent  lattices. 

The  fact  that  water  molecules  fail  to  fill  all  the  available 
positions  in  the  crystal  but  utilize  only  about  50*70  of  them  (n  =  0.25) 
provides  an  additional  argument  in  favor  of  the  first  structural 
possibility.  If  the  Nijj  atoms  had  shown  any  tendency  to  assume  a 
pentavalent  state  the  fifth  bond  would  have  probably  been  formed 
before  complete  crystallization  had  taken  place.  In  actual  fact  the 
H2O  molecules  act  as  a  •binder"  holding  the  layers  together,  and 
the  crystal  takes  up  only  an  amount  of  water  sufficient  to  promote 
a  satisfactory  Van  der  Waals  interaction  between  layers. 

Magnetic  susceptibility  data  support  the  square  planar  con¬ 
figuration  of  Ni  jj  (i.e.,  a  coordination  number  of  four).  As  is  well 
known,  nickel  assumes  the  same  configuration  in  the  Ni(CN)2NHs* 
•CgHg  complex,  though  the  layers  are  stacked  somewhat  differently  [2].  Belova,  Syrkin,  and  Avdeeva  [3]  have 
found  that  the  values  and  the  temperature  dependence  of  the  magnetic  susceptibilities  of  the  two  compounds  are 
very  similar,  which  indicates  a  similarity  in  the  configuration  of  Ni.  Hence  there  is  no  doubt  that  the  lattice 
of  the  compound  examined  in  this  paper  consists  of  square  planar  NiCg  and  octahedral  NiN4(NH8)2  units,  while 
the  water  acts  as  a  zeolite. 


It  seems  that  the  dsp  configuration  (a  coordination  number  of  five)  is  not  favored  by  divalent  nickel  (un¬ 
like  divalent  copper  in  the  crystals  of  Cu(NH3)4S04*H20[4],  and  copper  dimethylglyoxime  [5]).  So  far,  no  one 
has  reported  a  crystalline  Nin  compound  with  pentacoordinated  nickel;  the  example  examined  in  this  paper 
shows  that  such  coordination  fails  to  arise  even  under  the  most  favorable  conditions,  where  we  have  an  additional 
atom  or  molecule  capable  of  donating  electron  pairs  to  the  metal. 


We  have  also  compiled  a  complete  table  of  interatomic  distances  in  the  crystal  of  NifCNj^NHg*  nH20 
(onlysome  of  the  distances  were  tabulated  in  [1]).  The  figures  in  parenthesis  give  the  number  of  identical  atoms 
at  the  given  distance  from  the  atom  listed  on  the  left. 


LITERATURE  CITED 

1.  J.H.  Rayner  and  H.M.  Powell,  J.  Chem.  Soc.,  3412  (1958). 

2.  J.H.  Rayner  and  H.M.  Powell,  J.  Chem.  Soc.,  319  (1952). 

3.  V.I.  Belova,  Ya.K.  Syrkin,  and  A. I.  Avdeeva,  Zhur.  Neorg.  Khim.  2,  1488  (1957). 

4.  M.  Simerskaya,  Czech.  Phys.  J.  ^  277  (1954). 

5.  E.  Frasson,  R.  Zannetti,  R.  Bardi,  and  S.  Bezzi,  J.  Inorg.  and  Nucl.  Chem.  8,  452  (1958). 


117 


CHRONICLE 


f  PROBLEMS  OF  STRUCTURAL  INORGANIC  CHEMISTRY 

I  AT  THE  THIRD  ALL-STATE  CONFERENCE 

[  ON  INORGANIC  CHEMISTRY  IN  BRATISLAVA 

f 

\ 

[|  T.S.Khodashova 

a  N.S.  Kurnakov  Institute  of  General  and  Inorganic  Chemistry, 

*  Academy  of  Sciences  of  the  USSR 

*  Translated  from  Zhurnal  Struktumoi  Khimii,  Vol.  1,  No.  1,  pp.  127-128, 

i  May-June,  1960 

‘  Original  article  submitted  November  20,  1959 

[ 

■  The  Third  All -State  Conference  on  Inorganic  Chemistry,  organized  by  the  Division  of  Inorganic  Chem- 

*  istry  of  the  Chemical  Institute  of  the  Slovak  Academy  of  Sciences,  was  held  in  Bratislava  (Czechoslovakia)  from 

f  June  29  to  July  4,  1959.  Scientists  from  Czechoslovakia,  USSR,  German  Democratic  Republic,  Poland  and 

^  Hungary  took  part  in  the  work  of  the  conference.  More  than  70  papers  were  presented  and  discussed.  Academ- 

*  ician  I.I.  Chernyaev  and  Corresponding  Member  of  the  Academy  of  Sciences  USSR  G.B.  Bokii  presented  papers 

■  from  the  Soviet  Union. 

i  Papers  by  Corresponding  Member  of  the  Slovak  Academy  of  Sciences,  M.Gregor  and  by  Academician 

^  I.I.  Chernyaev  were  presented  at  the  first  plenary  session.  M.  Gregor  began  his  paper:  "Tasks  of  Czechoslovak 

I  inorganic  chemistry  in  the  light  of  the  decisions  of  the  Eleventh  Congress  of  the  Czechoslovak  Communist  Party" 

^  with  a  review  of  the  period  since  the  Second  All-State  Conference  on  Inorganic  Chemistry.  After  a  survey  of 

;  the  achievements  of  the  Czechoslovak  inorganic  chemistry  during  this  period,  he  turned  to  its  tasks  imposed  by 

I  the  plan  for  the  development  of  the  national  economy,  confirmed  at  the  Eleventh  Congress  of  the  Czechoslovak 

t  Communist  Party,  and  in  conjunction  with  the  results  of  the  Twenty-first  Congress  of  the  Communist  Party  of  the 

I  Soviet  Union.  The  second  part  of  the  paper  dealt  with  the  fulfillment  of  the  Government  decision  for  construction 

I  of  a  new  building  for  the  Institute  of  Inorganic  Chemistry  of  the  Czechoslovak  and  Slovak  Academies  of  Sciences, 

and  the  consequent  considerable  expansion  of  their  work.  A  special  section  of  M.  Gregor's  paper  was  devoted 
f  to  the  results  of  the  Eighth  Mendeleev  Congresson  General  and  Applied  Chemistry.  In  conclusion,  he  reviewed 

^  the  prospects  for  development  of  inorganic  chemistry  in  Czechoslovakia  and  for  training  of  chemists,  and 

i  problems  of  coordination  of  scientific  research  work  both  within  the  country  and  with  scientific  institutions  in 

^  the  USSR,  the  Peoples*  Democracies,  and  capitalist  states. 

^  In  his  paper  "Platinum  pentammines,"  Academician  I.I.  Chernyaev  presented  the  results  of  recent  re- 

I’  search  in  the  field  of  chemistry  of  quadrivalent  platinum,  with  special  reference  to  a  new  method  for  synthesis 

of  pentammines  by  the  action  of  ammonia  on  platinum  iodohydroxotetrammines,  which  was  extended  to  cyclic 
and  bicyclic  pentammines.  It  was  shown  in  the  paper  that  iodine  has  a  strong  tra ns -influence  and  that  this  ac¬ 
counts  for  difficulties  in  synthesis  of  iodopentammine  salts.  The  properties  of  iodopentammine  salts  are  similar 
to  those  of  bromo-  and  chloropentammine  salts,  but  differ  from  the  properties  of  nitropentammines  (the  latter 
1  are  much  more  stable).  Absence  of  any  appreciable  trans- influence  of  the  nitro  group  in  quadrivalent  platinum 

i  compounds  was  confirmed  once  again  by  chemical  methods. 

The  conference  covered  a  wide  range  of  problems  in  inorganic  chemistry.  In  this  report  attention  is 
devoted  mainly  to  papers  dealing  with  structural  inorganic  chemistry.  Corresponding  Member  of  the  Academy 
of  Sciences  USSR  G.B.  Bokii  presented  a  paper  entitled:  "Significance  of  crystal -chemical  investigations  in  the 
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chemistry  of  complex  compounds."  He  defined  complex  compounds  and  pointed  out  that  introduct  on  of  the 
coordination  number  concept  into  chemistry  marked  the  appearance  of  a  new  branch  of  the  subject-the  chem¬ 
istry  of  complex  compounds.  However,  it  is  not  always  possible  to  determine  the  coordination  numbers  of  atoms 
in  actual  compounds  by  purely  chemical  methods,  while  in  principle  the  coordination  number  can  always  be 
determined  by  crystal-chemical  methods.  Owing  to  crystal  chemistry  the  concept  of  coordination  number  was 
extended  to  the  simplest  chemical  compounds.  The  role  of  crystal  chemistry  in  studies  of  isomerism  was  de¬ 
monstrated  in  the  paper.  Apart  from  direct  determination  of  the  types  of  known  isomers,  crystal  chemistry  makes 
it  possible  to  predict  completely  new  instances  of  isomerism  and  to  solve  other  problems  in  structural  chemistry. 
The  coordinaticn  numbers  of  ions  in  the  outer  sphere  can  be  determined  by  the  methtxls  of  crystal  chemistry. 

In  the  concluding  section  of  his  paper  G.B.  Bokii  emphasized  that  as  the  result  of  direct  determinations  of  inter¬ 
atomic  distances  crystal  chemistry  introduced  a  quantitative  content  into  all  qualitative  aspects  of  stereo-chem¬ 
istry. 

The  work  of  F.  Hanic  and  his  associates  (Chemical  Institute  of  the  Slovak  Academy  of  Sciences)  was 
presented  in  three  papers.  They  determined  the  structure  of  copper  salicylate.  It  was  shown  that  the  structure 
consists  of  Cu[C5H4(OH) 00212  •  2H2O,  molecules  joined  by  hydrogen  bonds;  pairs  of  water  molecules  fill  the 
channels  in  the  structure.  Copper  is  in  square  coixdination.  The  authors  consider  that  this  compound  should 
be  classified  with  the  chelate  type.  The  second  paper  dealt  with  determination  of  the  structure  of  zeunerite,  a 
uranyl  compound.  The  structure  was  found  to  contain  layers  of  [UO^fAsO^)],  with  water  molecules  and  copper 
ions  between  them.  The  postulated  structure  satisfactorily  explains  the  physical  and  chemical  properties  of  tlte 
mineral.  The  UO2  group  is  asymmetric  (11-0  =  1.94  and  1.85  A);  this  is  attributed  to  asymmetric  arrangement 
of  water  molecules  aroiuid  the  group.  G.B.  Bokii  stated  in  the  discussion  that  this  result  contradicts  all  known 
structural  data,  according  to  which  the  UO2  group  is  symmetric,  and  that  the  difference  in  the  distances  in  the 
case  of  zeunerite  should  probably  be  attributed  to  insufficient  accuracy  in  determination  of  the  coordinates  of 
the  oxygen  atoms.  In  the  newly  determined  structure  of  Cr03,  built  up  of  chains  of  tetrahedrons,  two  types  of 
Cr— (1  distances  have  been  found;  1.78  A  in  the  chain,  and  1.53  A  outside  it.  The  authors stiggest  that  the  latter 
distance  corresponds  to  multiple  bonding. 

V.  Knpcic  and  S.  Durovic  (Kamensky  University,  Bratislava)  presented  a  paper  entitled:  "The  crystal 
structure  of  CuPy2Br2."  They  showed  that  this  compound  is  not  isomorphous  with  the  corresponding  chloro 
derivative,  although  its  structure  is  very  similar. 

K.H.  Post  reported  on  the  results  of  detemiinations  of  the  structures  of  sodium  Kurrol  salt  (NaP(')3)x, 
which  contains  spiral  chains  of  K')4  tetrahedrons  joined  by  sixlium  ions.O.  Yarkhov  reported  on  the  structure  of 
periodic  acid.  Both  speakers  are  members  of  the  Institute  of  Structural  Research,  Academy  of  Sciences  of  the 
German  Demcx:ratic  Republic  (Berlin). 

In  a  paper  entitled:  "Structure  and  properties  of  inorganic  substances"  N.  Zikmund  (Chemical  Institute 
of  the  Slovak  Academy  of  Sciences,  Bratislava)  considered  the  influence  of  the  theory  of  chemical  structure  on 
the  development  of  inorganic  chemistry.  In  his  opinion,  significant  progress  in  inorganic  chemistry  began  only 
after  chemistry  had  adopted  new  concepts  of  ths  structure  of  electron  shells  in  atoms  and  of  the  quantum-me¬ 
chanical  theory  of  the  chemical  bond,  and  also  as  the  result  of  the  use  of  new  physical  investigation  methods. 
The  speaker  presented  certain  data  to  demonstrate  the  dependence  of  the  reactivity  of  substances  on  their  struc¬ 
ture.  Special  attention  was  devoted  in  the  paper  to  the  solid  state.  Connections  between  the  physico-chemical 
properties  and  lattice  defects  and  between  the  structure  and  physical  properties  of  substances  were  noted. 

In  addition  to  papers  concerned  with  the  structure  of  inorganic  compounds,  papers  dealing  with  other 
branches  of  chemistry  were  presented  at  the  conference:  synthesis  and  properties  of  complex  compounds,  in¬ 
vestigations  of  the  reactions  of  halogens,  work  on  technology  and  analytical  chemistry,  and  research  associated 
with  the  silicate  industry.  Much  attention  was  devoted  to  work  on  polarography,  a  field  in  which  Czechoslovak 
scientists  hold  the  world  priority.  Several  papers  were  concerned  with  problems  of  physicochemical  analysis. 

M.  Malinovsky  (Slovak  Polytechnic  Institute)  presented  a  long  paper  on  the  significance  of  physicixrhemical 
analysis  in  studies  of  inorganic  systems.  He  analyzed  the  main  trends  of  this  branch  of  science  and  reviewed  its 
present  status  in  Czechoslovakia  and  other  countries. 

Most  of  the  papers  provoked  lively  discussions.  The  conference  demonstrated  the  very  high  level  of  de¬ 
velopment  of  chemical  science  in  Czechoslovakia. 


SIGNIFICANCE  OF  ABBREVIATIONS  MOST  FREQUENTLY 
ENCOUNTERED  IN  SOVIET  PERIODICALS 


FIAN 

GDI 

GITI 

GITTL 

GONTI 

Goseneigoizdat 

Goskhimizdat 

GOST 

GTTI 

IL 

ISN  (Izd,  Sov.  Nauk) 

Izd.  AN  SSSR 

Izd.  MGU 

LEIIZhT 

LET 

LETI 

LETIIZhT 

Mashgiz 

MEP 

MES 

MESEP 

MGU 

MKhTI 

MOPI 

MSP 

Nil  ZVUKSZAPIOI 

NIKH 

ONTI 

OTI 

OTN 

Stroiizdat 

TOE 

TsKTI 

TsNIEL 

TsNIEL-MES 

TsVTI 

UF 

VIESKh 

VNIIM 

VNIIZhDT 

VTI 

VZEI 


Phys.  Inst.  Acad.  Sci.  USSR. 

Water  Power  Inst. 

State  Sci.- Tech.  Press 

State  Tech,  and  Theor.  Lit.  Press 

State  United  Sci.- Tech.  Press 

State  Power  Press 

State  Chem.  Press 

All-Union  State  Standard 

State  Tech,  and  Theor.  Lit.  Prels 

Foreign  Lit.  Press 

Soviet  Science  Press 

Acad.  Sci.  USSR  Press 

Moscow  State  Univ.  Press 

Leningrad  Power  Inst,  of  Railroad  Engineering 

Leningrad  Elec.  Engr.  School 

Leningrad  Electrotechnical  Inst. 

Leningrad  Electrical  Engineering  Research  Inst,  of  Railroad  Engr. 

State  Sci.-Tech.  Press  for  Machine  Construction  Lit. 

Ministry  of  Electrical  Industry 
Ministry  of  Electrical  Power  Plants 

Ministry  of  Electrical  Power  Plants  and  the  Electrical  Industry 
Moscow  State  Univ. 

Moscow  Inst.  Chem.  Tech. 

Moscow  Regional  Pedagogical  Inst. 

Ministry  of  Industrial  Construction 
Scientific  Research  Inst,  of  Sound  Recording 
Sci.  Inst,  of  Modem  Motion  Picture  Photography 
United  Sci.-Tech.  Press 
Division  of  Technical  Information 
Div.  Tech.  Sci. 

Constmction  Press 
Association  of  Power  Engineers 
Central  Research  Inst,  for  Boilers  and  Turbines 
Central  Scientific  Research  Elec.  Engr.  Lab. 

Central  Scientific  Research  Elec.  Engr.  Lab.- Ministry  of  Electric  Power  Plants 
Central  Office  of  Economic  Information 
Ural  Branch 

All-  Union  Inst,  of  Rural  Elec.  Power  Stations 
All-Union  Scientific  Research  Inst,  of  Metrology 
All-Union  Scientific  Research  Inst,  of  Railroad  Engineering 
All-Union  Tbermotech.  Inst. 

All-Union  Power  Correspondence  Inst. 


Note:  Abbreviations  not  on  this  list  and  not  explained  in  the  translation  have  been  traiuUterated,  no  farther 
information  about  their  significance  being  available  to  us.  —  Publisher. 
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BORATE  GLASSES 
by  L.  Ya.  Mazelev 

Boron  as  an  element  has  been  known  for  a  long  time,  but  the  role  of  its  oxide  in  glass 
has  been  studied  little.  This  book  is  based  mainly  on  the  results  of  investigating 
silicate  and  borosilicate  glasses.  The  purpose  of  the  author’s  work  was  a  systematic 
study  of  the  technology  of  glass  melting,  the  processes  and  reactions  of  glass  forma¬ 
tion,  the  crystallisation  of  glasses  and  the  composition  of  the  crystallisation  products, 
the  physicochemical  properties  and  their  relation  to  the  composition  and  structure  of 
glass  and  methods  of  calculating  these  properties.  This  book  is  important  for  all  those 
interested  in  the  problems  of  the  structure  of  glass. 

Cloth  176  pages  $10.00 

SILICON  AND  ITS  BINARY  SYSTEMS 
by  A.  S.  Berezhnoi 

Data  accumulated  on  the  physical  chemistry  of  silicon  and  its  binary  systems  are 
critically  reviewed.  The  properties  and  descriptions  of  the  crystal  structures  of  silicon 
and  all  its  binary  compounds  known  at  present  are  given  in  detail  and  the  most 
important  ways  of  using  these  substances  in  practical  applications  are  indicated. 
Silicon  carbide  is  treated  in  detail,  as  are  silicon  compounds  of  the  transition  metals. 
All  sections  have  been  provided  with  a  historical  outline  and  the  basic  literature  is 
cited  with  each  problem  considered. 

Cloth  265  pages  $8.50 

CRYSTAL  CHEMISTRY  OF  SIMPLE  COMPOUNDS  OF 

URANIUM,  THORIUM,  PLUTONIUM  AND  NEPTUNIUM 

by  E.  S.  Makarov 

This  book  represents  the  first  attempt  to  correlate  crystal  structure  data  on  the 
simplest  compounds  of  the  most  thoroughly  studied  actinide  elements.  No  books 
dealing  specifically  with  crystal  chemistry  of  the  actinides  have  been  published 
hitherto  either  abroad  or  in  the  Soviet  Union,  although  separate  surveys  by 
Zachariasen  have  appeared  in  various  collective  volumes. 

The  abundant  factual  data  on  crystal  structures  of  actinide  compounds  are  sum¬ 
marised  in  compact  form.  This  work  will  enable  research  workers  and  engineers  to 
make  wider  use  of  crystal  structure  data  which,  until  now,  have  been  scattered 
throughout  numerous  literature  sources. 

The  author  considers  certain  questions  of  general  crystal  chemistry,  gives  full  details 
of  the  crystalline  structures  of  the  polymorphic  modifications  of  the  actinides  and 
their  simplest  compounds,  adopts  Seaborg’s  cautious  position  regarding  the  parent 
of  the  “5f”  family  of  elements,  and  advances  an  interesting  theory  concerning  the  dual 
chemical  nature  of  the  actinides. 

Cloth  146  pages  Ulus.  $5.25 

Payment  may  be  made  in  sterling  to  Barclay's  Bank  in  London,  England. 

'  Tables  of  contents  upon  request 
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INSTABILITY  CONSTANTS  OF  COMPLEX  COMPOUNDS 

_ by  K.  B.  Yatsimirskii  and  V.  P.  Vasirev _ 

Instability  constants  quantitatively  characterize  the  equilibrium  in 
solutions  of  complex  compounds  and,  in  this  connection,  arc  very  widely 
used  by  chemists  in  different  fields  (analytical  chemistry,  electrochemistry, 
technology  of  nonferrous  and  rare  metals,  etc.)for  appropriate  calculations. 

The  instability  constants  of  1381  complex  compounds  are  given. 
The  authors  have  prefaced  the  summary  of  instability  constants  with  an 
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